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Thesis Overview 
 The following chapters of this thesis are written with regards to the hydrogeologic 
investigations of the anthropogenically impacted fractured bedrock aquifer located in Sherman 
Connecticut.  Several domestic and public water supply wells in the town center have 
consistently exhibited concentrations of chloride and sodium above state and federal drinking 
water standards over at least a four-year period.  Using multiple methodologies and analysis to 
characterize subsurface conditions and flow pathways provides a greater understanding of the 
controls on water quality in the town center.  Through the analysis of geochemical trends, 
spatial distribution of well locations and construction along with geologic context, precipitation 
trends, and through the application of next generation gene sequencing of bacterial 
populations, interpretations of groundwater recharge zones and flow pathways controlling 
water quality are made.  Several possible mechanisms that store sodium and chloride in the 
subsurface are proposed to explain the persistence of these solutes in groundwater.  The 
application of next generation sequencing to characterize bacterial communities in well water 
provides a novel look at the implications for using bacterial communities to make 
interpretations of groundwater conditions in the context of this hydrologic system.  Using all 
these methods to understand flow paths and controls on groundwater quality paints a more 
complete picture than the application of just one dataset.  This understanding has implications 
for mediating such impacts and the preservation of drinking water quality in any fractured 
bedrock aquifer utilized for drinking water. 
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Chapter 1: Long-Term Response of Drinking Water Quality in a Fractured 
Bedrock Aquifer to Road Salting  
Abstract: 
This study utilizes spatial, temporal, and multivariate analysis of geochemical and climatological 
trends to elucidate the long-term response of a fractured bedrock aquifer to sodium chloride loading 
from deicing practices.  The study area is in the town of Sherman, Connecticut, where several residential 
and low production public supply wells have had persistent issues with chloride concentrations 
exceeding federal and state aesthetic and recommended drinking water standards.  The town has been 
monitoring the issues with regular sampling of major ions in 25 wells and surface water in the town 
center and has seen impacts persisting year-round with only gradual decreases in concentrations since 
monitoring began.  Comparisons of this monitoring to historical data of water quality in the fractured 
bedrock indicate impacts prior to 2015 are minimal and consistent with typical values found in domestic 
wells in the region.   The persistence of chloride in several wells throughout the summer months is an 
expression of chloride and sodium loading at rates greater than its discharge from this hydrologic 
system.  Local surficial geology and land use play key roles in controlling the susceptibility of 
groundwater wells to chloride impacts.  Timing of the appearance of sodium and chloride in the spring 
of 2015 coincides with lower winter temperatures and lower precipitation for several years after 
impacts were first observed.  Variation in cation concentrations observed in the well water samples is an 
expression of the exchange of sodium from road salt with base cations in soil and water rock 
interactions.  Finally, several potential methods for long term storage and discharge of road salt to 
groundwater are proposed to explain the observations in these datasets. 
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Introduction: 
Private wells are used by almost 43 million Americans as their primary drinking water source 
(DeSimone et al. 2009).  In this study area, Sherman, Connecticut, and a multitude of other rural areas 
throughout the U.S., fractured bedrock aquifers are used extensively to provide drinking water to local 
communities.  While guidelines and recommendations exist for the installation of bedrock wells (Fox et 
al. 2016), many of these wells remain susceptible to water quality impacts from both anthropogenic and 
geogenic sources (DeSimone et al. 2009).  A common chemical species found in groundwater is chloride, 
however this pollutant can come from natural or anthropogenic sources (Mullaney et al. 2009, Panno et 
al. 2006).  The Environmental Protection Agency (EPA) secondary drinking water standard for chloride is 
250 mg/L (USEPA 2009). The Connecticut Department of Public Health (CTDPH) mandates public water 
suppliers notify customers if concentrations exceed 28 mg/L (CTDPH 1997).   
Observations of significant and sustained increases of chloride concentrations in groundwater and 
surface water bodies over the last several decades has been noted in a wide range of “snow-belt” states 
for the potential impacts to drinking water sources and ecological systems (Stets et al. 2018, Kaushal et 
al. 2005, Findlay and Kelly 2011).  In Connecticut, anthropogenic sources include deicing salts, landfills, 
wastewater, and agriculture inputs while the only major natural source is from saltwater intrusion in 
coastal areas.  Chloride concentrations have shown a substantial increase in concentrations in water 
bodies of northern regions of the US over the past several decades, being especially pronounced in 
urban areas subjected to road salting (Mullaney et al. 2009).  In Connecticut, continued increases in salt 
application during winter weather has mirrored national trends (Cassanelli and Robbins 2013).  While no 
data is regularly published by the Connecticut Department of Transportation (CTDOT) or municipalities 
regarding salt application, total chlorides applied detailed in the Connecticut Academy of Sciences and 
Engineering (CASE) report on winter highway maintenance practices in 2015 indicates a relationship 
between number of winter storms, total snowfall, and total chloride applied to roads.  A change in 
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deicing practices was initiated in 2006 to eliminate the use of sand from winter weather maintenance, 
replacing it with solid salts and brines only, with the most commonly used deicer being solid sodium 
chloride.  This change in highway maintenance procedures is driven by the relationship between this 
deicing practice and decreased automobile accidents during winter storms as well as reducing the 
impacts of excess runoff of sand formerly used to add grit to roads (CASE 2015).   
Historically thought of as a conservative solute which is easily flushed through hydrologic systems, 
an emerging body of research indicates chloride from deicing practices has the potential for storage in 
soil and groundwater, resulting in sustained elevated concentrations in groundwater throughout the 
year (Vitale et al. 2017, Rossi et al. 2017, Heath and Morse 2013, Gedlinske 2013) and is associated with 
loading of surface water bodies from groundwater discharge (Kincaid and Findlay 2009, Cooper et al. 
2014, Perera et al 2012).  Recharge to groundwater is most efficient during periods with high 
precipitation and low plant activity, since a great deal of water which infiltrates into the soil is removed 
through evapotranspiration during summer months (Nimmo et al. 2008).  In northern climates, 
precipitation during the summer does not effectively recharge groundwater since much of the fresh 
water which infiltrates the vadose zone is used by plants and released to the atmosphere (Bauer 1997).  
Infiltration from precipitation during the winter and early spring along with the spring snow melt has the 
greatest impact on seasonal variations on groundwater levels in fractured bedrock in similar hydrologic 
settings (Vitale et al. 2017).   
The issues associated with salt impacts to water bodies have been observed for decades as total 
chloride usage has increased on roads.  Continued development has resulted in continual increases in 
the volume of salt applied to roads while loading of chloride from other sources has remained relatively 
constant (Mullaney et al. 2009).  There have been many proposals on how to mitigate the impact of 
road salt to watersheds which rely on maximizing the efficiency of deicing practices thereby reducing 
salt application (Salminen et al. 2011, CASE 2015), encouraging infiltration of freshwater to dilute salt 
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impacted groundwater (Dietz et al. 2017), or simply enacting statewide programs to replace private 
wells with road salt impacts.  Storage of salt in groundwater aquifers and soils resulting in subsequent 
discharge to surface waters explains the persistence of chloride in water bodies throughout many cold 
climate regions over the past several decades. 
Loading of sodium to soil and groundwater can have detrimental effects to drinking water and soil 
quality.  The potential for human health risks exist for individuals on low sodium diets who consume 
water with high concentrations of sodium.  Road salting can impact base cation pools of soil and 
groundwater that receive runoff from salted impervious surfaces through cation exchange with sodium 
(Norrstrom and Bergestedt 2001).  Despite its capacity for adsorption to clay particles and organic 
matter in soils, dissolved sodium can persist in road salt impacted hydrologic systems.  The resulting 
perturbation to dissolved and adsorbed solutes is largely dictated by several factors, including 
groundwater flow pathways and soil composition, and has the potential to persist for periods long after 
road salting events (Rossi et al 2017, Robinson et al 2017).  This perturbation to soil and water chemistry 
has also been shown to impact nitrogen cycling and nutrient loading to surface water bodies and has 
negative impacts on vegetation (Green et al 2008).  In extreme cases, exchange of sodium has the 
potential to mobilize harmful metals or radionuclides into groundwater (Amrhein et al 1992, Backstrom 
et al 2004, McNaboe et al. 2017).  The exchange of sodium can result in decreased soil and water pH as 
well as increasing corrosivity of water to infrastructure and drinking water supply systems (CASE 2015, 
Stets et al. 2018). 
Other anthropogenic sources of sodium and chloride to groundwater include landfills, agriculture, 
and wastewater (Panno et al. 2006).  When working properly, septic systems degrade wastewater 
contaminants through biochemical and physical processes in the vadose zone.  When wastewater is not 
properly treated prior to reaching groundwater, it can release a myriad of contaminants which degrade 
drinking water quality, including chloride, sodium, nitrate, pathogens, and a wide range of organic 
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wastewater compounds (Desimone et al. 1997, Conn et al. 2010).  Presence of nitrate in groundwater 
systems has been shown to be positively correlated with other organic wastewater compounds in septic 
impacted groundwater systems and is a prevalent species in septic leachate plumes (Schaider et al 
2016).  Nitrate has been observed to reach concentrations of up to 100 mg/L with a mean concentration 
of 83 mg/L in septic plumes (Robertson et al 2013) while total nitrate was found to range between 0 and 
10 mg/L in road salt impacted groundwater (Panno et al. 2006). 
Here, we provide an overview of historic and long-term monitoring of major ions and water quality 
parameters from the town of Sherman, Connecticut. The town has experienced sustained chloride and 
sodium concentrations in residential and low production public supply water wells above federal and 
state drinking water standards for at least a four-year period.  No landfills or major agricultural sources 
are located near the Sherman town center.  Water softeners are reportedly not used to treat drinking 
water in the town center due to a lack of need.  Impacts from sewage treatment is a potential source of 
sodium and chloride loading to this aquifer as private septic tanks are widely used for wastewater in the 
town center.  The goals of this study are to: [1] quantify changes in drinking water quality to the local 
fractured bedrock aquifer; [2] differentiate potential sources of salt contamination to groundwater in 
the fractured bedrock; and [3] explain the appearance and persistence of elevated chloride and sodium 
concentrations observed in bedrock drinking water wells in Sherman, Connecticut. 
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Materials and Methods: 
Site Location and Hydrogeologic Characteristics: 
The local hydrology of this study area is typical of the post-glacial aquifer systems present in 
New England with widely variable surficial material overlying fractured crystalline bedrock (USGS 1998).  
The location of the study area is near the western border of Connecticut, shown in Figure 1A.  Mild 
topographic relief in the town center is illustrated by the digital elevation model (DEM) from 1m lidar 
sourced from Connecticut Environmental Conditions Online (CTECO).  The DEM indicates the location of 
wells and the local drainage, Sawmill Brook which discharges into Candlewood Lake, Figure 1B.  A 
zoomed in DEM of the town center where all but one well and the surface water sampling point are 
located, Figure 1C.  Bedrock geologic maps (Richards 1985) indicate the wells in this area are installed 
into the highly deformed and fractured units of the dolomitic Stockbridge Marble, the basal marble 
member of the Walloomsac Schist, or the Walloomsac Schist, Figure 1D.  Surficial geologic maps were 
consulted, which indicate the wells are installed into either fine-grained thin till or coarser grained 
meltwater deposits and floodplain alluvium, Figure 1E (Stone et al. 2005).  All wells included in this study 
are domestic drinking water wells or low production public drinking water systems installed to varying 
depths in the underlying fractured bedrock aquifer. 
Land use in this study area is composed of residential and light commercial development 
surrounded by woodland.  Historical well log data hosted on the Connecticut Department of Consumer 
Protection website was utilized to determine well construction details for a portion of wells included in 
this study; however, the records are incomplete, so well construction details are missing for a portion of 
the wells.  Available well log information is summarized in Table 1.  The locations of residential wells 
were plotted using well coordinates provided by Sherman with surface elevations projected onto the 
DEM.  By combining the well records with a topographic profile created in ArcGIS, a cross section 
illustrating surficial material composition and thickness was constructed, Figure 2.   
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Groundwater Quality Monitoring: 
Water quality samples have been collected by the Sherman local health department intermittently 
between 2002 and 2015 from low production public supply wells in the town center.  Analysis of these 
samples include chloride and nitrate.  All water quality samples were reportedly collected prior to water 
treatment, filtration systems, and after thorough flushing of the water lines, consistent with state health 
department sampling protocols for domestic drinking water wells (CTDPH 1997).  No water softeners are 
used in these water supply systems as water hardness issues are not present in this area. 
Regular sampling of 25 wells, including private and municipal water supplies and one surface water 
point, was initiated in the town center in March of 2015 after reports of a salty taste to the water was 
reported at an event at the local fire station.  Sampling events have been conducted by the local health 
department during the months of January, February, March, May, August, and November since the 
initiation of this program.  Analysis of these samples include chloride (Cl), alkalinity, calcium (Ca), 
magnesium (Mg), potassium (K), sodium (Na), total hardness, and calcium hardness.   Sampling of 
nitrate was conducted on select impacted wells throughout these monitoring events in February, March, 
and May 2017 and August and September of 2018.  Occasional samples were not collected due to lack of 
access to the well sampling point; however, these make up only a small portion of what should have 
been collected called for in the monitoring program. 
The data for individual wells were plotted to identify temporal and spatial trends in the dataset.  
An iso-concentration map of chloride concentrations from samples collected on March of 2015 using the 
inverse distance weighted (IDW) interpolation function in ArcGIS to illustrate the spatial extent of 
chloride impacts at that time, Figure 1F.  Temporal variations of sodium and chloride were plotted 
through time in wells experiencing consistent exceedances of drinking water standards, Figure 3.  
Average concentrations of sodium and chloride for impacted wells for each month were calculated and 
highlighted in red above the trends for individual wells through time.  Charge balances for the dissolved 
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solutes were calculated after conversion of the analytical data from milligrams per liter (mg/L) to 
millimoles per liter (mmol/L) and multiplying the value by its ionic charge.  A comparison between the 
molar ratios of sodium to chloride was completed from wells impacted by sodium and chloride 
concentrations above drinking water standards, Figure 4. 
Principal Component Analysis (PCA) of the correlation matrix of analytes included in the long-
term monitoring plan for the town was conducted in RStudio v 3.4.3 (R Core Team 2017) (Figure 5). The 
choice of correlation matrix instead of covariance matrix allows for comparisons of variables on a wide 
range of scales and illustrates how increases or decreases of one solute is related to changes in other 
solutes regardless of scale.  Among solutes tested for in Sherman, calcium hardness and total hardness 
were found to be highly correlated with calcium concentrations, with correlation coefficients > 0.9, and 
were not included in the PCA to reduce the dimensions of the dataset.  Outliers outside three standard 
deviations from mean concentrations for any analyte were removed to minimize the impact of outliers.  
Principle Component (PC) 1 and PC 2 explain 79% of the variance of the dataset.   
Winter Temperature and Precipitation Analysis: 
Precipitation and temperature data between the months of October 2010 and March 2019, 
were provided by the National Oceanic and Atmospheric Administration (NOAA) Climate Data Online 
(CDO) archives.  The daily recordings for precipitation in inches, as well as maximum and minimum 
temperatures in Fahrenheit were obtained from the Danbury Municipal Airport, weather station 
USW00054734, roughly fifteen miles from the study area.  Monthly totals for precipitation were 
calculated and compared to monthly average maximum and minimum temperatures to identify changes 
in temperature and precipitation patterns over a scale relevant to hydrologic monitoring.  The values for 
monthly average maximum temperature, minimum temperature, and total precipitation were 
normalized by subtracting the mean from raw values and dividing by the standard deviation.  The 
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standardized values were plotted to illustrate fluctuations in temperature and precipitation patterns 
between 2010 and 2019, Figure 6. 
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Results: 
Early Water Quality Monitoring:   
Impacts to groundwater quality between 2002 and 2015 are quantified from intermittent 
sampling of nitrate and chloride in public water supply wells, are summarized in Table 2.  The number of 
samples collected varies for each well, however low concentrations of chloride and nitrate are present 
in the fractured bedrock aquifer prior to when the long-term monitoring program was initiated.  The 
chloride concentrations observed during early monitoring are consistent with concentrations found in 
residential wells in post-glacial aquifer systems in studies conducted between 1991 and 2003 (Mullaney 
et al. 2009).  Nitrate concentrations, while intermittently rising above the EPA drinking water standard 
of 10 mg/L, remain significantly lower than concentrations observed in leachate plumes emanating from 
improperly functioning septic fields (Robertson et al. 1991, Robertson et al. 2013, Wilhelm et al 1992, 
Desimone 1997).  Early monitoring does not encompass all currently impacted wells however it indicates 
anthropogenic impacts from chloride and nitrate loading had been minimal prior to 2015.  No change to 
wastewater treatment has occurred since 2015 so the current water quality issues are not attributable 
to loading from septic leachate. 
Current Long-Term Water Quality Monitoring:  
The long-term monitoring program for chloride and sodium impacts to drinking water, initiated 
in March of 2015, indicate significantly higher chloride concentrations in public water supply wells than 
was observed during earlier monitoring.  Of the 25 wells regularly tested, twelve have consistently 
exhibited chloride concentrations above the EPA secondary drinking water standard of 250 mg/L and 
sodium concentrations above CTDPH public water supply notification standard of 28 mg/L.  Thirteen 
wells and the surface water point north of the town center remain consistently below these 
concentrations.  Of the five wells previously sampled during earlier monitoring, four would later exhibit 
significant increases in chloride concentration, the most significant of which occurred at the well for 15 
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route 39 north, which saw an increase from 6.3 mg/L in December 2013 to 2,920 mg/L in May 2015.  All 
monitoring data provided by the town is included in Appendix A. 
Temporal trends of chloride and sodium concentrations in impacted wells, Figure 3, indicate 
persistence of chloride concentrations throughout the summer months with a gradual reduction in 
concentrations through time.  Average concentrations chloride in wells exhibiting consistent 
exceedances decreased from 610 mg/L to 232 mg/L in February of 2019.  Average concentrations of 
sodium in those same wells decreased from 204 mg/L to 102 mg/L during the same period.  During the 
latest monitoring event, in February of 2019, only three wells exhibited exceedances of chloride, which 
is a decrease from seven wells with exceedances during the February 2018 sampling, and ten wells in 
the February 2017 and February 2016 sampling.  The spatial distribution of chloride indicates that 
impacts are greatest in wells installed through thin till and are downgradient of paved areas such as 
parking lots and roadways as shown in the chloride iso-concentration map created from the March 2015 
sampling event, Figure 1F.   
Relationships between geochemical data were interpreted from distinctions in the PCA.  
Sampling data from individual wells plotted along similar geochemical gradients and were consistent 
throughout the duration of monitoring, allowing for classification of wells by their water chemistry.  
Samples with higher than average concentrations of dissolved solutes are shown to have negative values 
on PCA axis 1 while samples with lower than average concentrations have positive values.  Since the 
average concentration of chloride for all samples is 259 mg/L, only slightly higher than the drinking 
water standard of 250 mg/L, this cutoff provides a convenient distinction between samples exceeding 
chloride standards from those with minimal impacts.  The second PCA axis distinguishes wells based on 
relative enrichments of either Cl, Ca, and Na compared to enrichments of alkalinity, K, and Mg.  The 
spatial distributions of these distinct geochemical groups are plotted in Figure 1 while boxplots of the 
raw sampling data divided by these classifications is shown in Figure 7.  Wells with low concentrations of 
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dissolved solutes are installed through the thicker coarser grained surficial material associated with the 
local drainage or are simply upgradient of impermeable surfaces.  Samples from the surface water have 
similar concentrations of dissolved solutes as wells with low concentrations.  Wells with greater 
concentrations of chloride, sodium, and calcium were installed through schist bedrock.  Wells with 
greater concentrations of magnesium, potassium, and alkalinity are installed through the dolomitic 
marble or on the contact between dolomite and schist.   
Precipitation and Temperature Data: 
 Between October 2009 and March of 2019 total monthly precipitation ranges from 0.36 inches 
in October of 2013 to 13.41 inches in August of 2011 with a mean of 3.73 inches per month.  These 
totals include rain and the rain equivalent of snowfall.  The average daily maximum temperature for a 
given month ranges from a minimum of 27.71o F in February of 2015 to a maximum of 86.48 o F in July of 
2010 with a mean of 59.77o F.  The average minimum temperature for a given month ranges from 2.46 o 
F in February of 2015 to 67.13 o F in July of 2013 with a mean of 39.75 o F.  Variance of the monthly 
maximum temperature averages and total monthly precipitation are displayed in Figure 6 which 
illustrates the deviation from average weather patterns during this period.  Four of the five months with 
the coldest average maximum temperatures and minimum temperatures were observed in the winters 
of 2013 to 2014 and 2014 to 2015.  Beginning in July of 2013 and extending until May of 2018, average 
total monthly precipitation was generally lower than was observed between October 2010 and June of 
2013.  During this period of relative dry weather, average monthly precipitation reached 3.0 inches per 
month with a standard deviation of 1.25 inches while average monthly precipitation between October 
2010 and June of 2013 equal 4.44 inches with a standard deviation of 2.73.  An uptick in precipitation is 
observed starting in June of 2018, extending through the summer and into January of 2019 with higher 
than average precipitation. 
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Discussion: 
 Historical monitoring indicates only minor salt impacts to the local fractured bedrock aquifer 
were observed prior to the spring of 2015.  This investigation has resulted in the observation of 
extended impacts of sodium and chloride to the bedrock aquifer throughout the year.  The 
concentrations observed in March of 2015 of almost 3,000 mg/L are consistent with chloride 
concentrations found to pulse through surface water and groundwater following application of deicing 
salts which dissipate to lower concentrations above natural levels (Vitale and Robbins 2017, Heath and 
Morse 2012, Gedlinske et al. 2013).  Despite the dissipation of highly saline water following salting, this 
study indicates examples of substantial increases in base level concentrations of chloride in the 
fractured bedrock aquifer.  This increase in base level concentrations of chloride in groundwater is 
consistent with the observed discharge of chloride to surface water systems throughout the northern 
areas (Kincaid and Findlay 2009, Cooper et al. 2014, Findlay and Kelly 2011).  The observations in this 
study are consistent with soil column experiments (Robinson et al 2017) and field observations (Rossi et 
al 2016, Vitale et al. 2017) of the storage capacity of low permeability soils and fractured bedrock to 
retain salt and slowly release it to groundwater and surface water bodies.  The annual buildup of sodium 
and chloride indicates that loading of chloride is greater than its removal through flushing with 
freshwater recharge.   
 While elevated chloride levels could be sourced from septic impacts (Mullaney et al. 2009), early 
monitoring indicates only minimal impacts to drinking water quality could be identified prior to 2015.  
Other studies quantifying impacts of septic leachate impacted groundwater indicate average 
concentrations of chloride ranging from an average of 32 mg/L in DeSimone et al 1997, 26.7 mg/L in 
Wilhelm et al 1994, and 33 mg/L in Robertson et al 1991 which is much lower than is seen here.  The 
observed concentrations of chloride in all 14 impacted wells are typically an order of magnitude greater 
than was observed in these studies.  Panno et al 2006 found nitrate concentrations in road salt impacted 
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wells to range from 0 to 10 mg/L, which is the range seen in Sherman, compared to septic impacted 
groundwater with much higher nitrate concentrations. In the context of larger studies on chloride 
impacts to groundwater in post glacial aquifer systems (Mullaney et al. 2009), the pre 2015 water 
quality is consistent with typical domestic drinking water supply wells.  This indicates that septic impacts 
are not a major contributor to the chloride concentrations seen in Sherman and a different source must 
be responsible for these impacts, in this case road salt.  All other potential sources of chloride have been 
ruled out as the major factors contributing to the concentrations seen here. 
The apparently sudden appearance of chloride to drinking water wells previously unimpacted by 
road salting prior to the spring of 2015 is likely due to several factors.  Winter weather plays a key role in 
the amount of deicing salts applied to roads by the department of transportation, local municipalities, 
business owners, and private citizens (CASE 2015) while timing and weather conditions during 
precipitation events control aquifer recharge (Nimmo et al. 2008).  The winters of 2013 to 2014 and 
2014 to 2015, were especially cold when compared to the last ten winters, while total monthly 
precipitation was generally lower than average between the fall of 2013 to the spring of 2018 when 
precipitation begins to increase.  Deicing salts lose effectiveness at lower temperatures (CASE 2015), 
requiring greater volumes of salts to be applied to achieve the same snow and ice clearing affects.  In 
other winters, from 2009 to 2010, 2017 to 2018, and 2018 to 2019, large rainfall events in the fall or 
spring, are associated with higher temperatures, likely allowing for greater recharge of fresh water to 
the surficial and bedrock aquifers which can dilute elevated chloride.   
Surficial material and land use are important variables in controlling groundwater susceptibility 
to surficial contamination.  Salt impacts are greatest downhill of impermeable surfaces, as shown by the 
impermeable layer map from CTDEEP, and in wells with thin surficial cover, Figure 1E and 1F.  As 
determined from well log data and surficial geologic maps, the wells which exhibit the lowest 
concentrations are installed through thicker, coarser grained sand and gravel deposits associated with 
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the local drainage Sawmill Brook, Figure 2.  The wells installed in these deposits do not experience the 
same impacts as the wells installed through thinner and finer grained surficial material.  This is likely due 
to the interconnectedness of fractures feeding these wells to the large reservoir of fresh water present 
in the more permeable deposits which can adequately flush out or dilute chloride loading on an annual 
basis.  The other wells must be fed by another source of water impacted by chloride year-round.  This 
could potentially be a surficial aquifer in low permeability material which does not easily flush out from 
precipitation or storage in dead end fractures in the bedrock which can absorb high salinity stormwater 
runoff.   
A range of factors can impact soil and groundwater chemistry in response to loading from road 
salting.  Cation exchange of sodium in soils subjected to road salting has been described in several 
settings (Norrstrom and Bergstedt 2001, Rossi et al. 2017, Backstrom et al. 2004) and quantified in 
column experiments (Amrhein et al. 1992, Robinson et al. 2017) which find the impact of this exchange 
on water chemistry is dependent on soil composition, organic matter content, soil water flow pathways, 
and can persist for extended periods following application of deicing salts.  These findings are consistent 
with the relationship between base cation pools observed in Sherman, where lithologic composition and 
surficial material thickness control the variability of these cations in groundwater as illustrated by the 
boxplots, Figure 7, and PCA, Figure 5.   Bedrock wells installed through the dolomitic Stockbridge Marble 
have higher concentrations of Mg, K, and alkalinity while wells installed through the Walloomsac Schist 
have greater concentrations of Cl, Na, and Ca.  These changes in chemistry may be due to the exchange 
of sodium during infiltration through surficial material or as a result of water rock interactions in the 
fractured rock.  Increases in alkalinity with greater chloride concentrations indicates there is greater 
dissolution of the carbonate bedrock with increased ionic charge, releasing greater concentrations of 
Mg and K.  As shown in Figure 2, wells designated as being enriched in Mg, K, and Alkalinity are located 
generally downhill of the hilltop which could be a source of recharge to the bedrock aquifer.  This 
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topographic and geochemical relationship suggests hilltop recharge may provide source water to these 
wells, resulting in a longer residence time in the aquifer with increased water rock interactions, 
expressed in the cation pools.   
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Summary and Conclusions: 
 Chloride and sodium impacts from road salt application has been shown to persist for four years 
above federal and state water quality standards in a fractured bedrock aquifer utilized for domestic and 
public drinking water supplies.  The local hydrology of this area is typical of post-glacial landscapes found 
in the northeast US and is subject to an increasing amount of application of deicing salts during winter 
weather events, consistent with national trends.  Surficial material and land use are the primary controls 
on the susceptibility of wells in the town center to impacts from chloride.  Impacts to the aquifer were 
observed following two years of relatively cold winters with lower than average precipitation observed 
over the next three years.  A gradual decrease in concentrations has been observed during monitoring 
coinciding with milder winters and greater monthly rainfall which likely reduced the volume of deicing 
salts applied and resulted in increased infiltration of freshwater to dilute and flush out these impacts.  
The relationships between cation concentrations indicates cation exchange and water rock interactions 
are resulting in changes to water quality and illustrates the relationships between recharge zones and 
groundwater flow pathways.  
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Chapter 2:  Characterization of Bacterial Communities in Salt Impacted 
Fractured Bedrock Wells 
Abstract: 
This study entails the characterization of bacterial communities through 16s rRNA gene 
sequencing in 24 bedrock drinking water wells and two surface water bodies collected in March of 2018.   
The study area is in the town of Sherman, Connecticut, where several residential and low production 
public supply wells have had persistent issues with sodium and chloride concentrations above federal 
and state standards for drinking water since 2015.  The town has been monitoring the issue with regular 
sampling of major ions in the wells and surface water in the town center and has observed year-round 
impacts with only a gradual decrease in sodium and chloride concentrations since monitoring began.  
Since chloride travels easily through groundwater and is sourced from stormwater runoff after winter 
weather, it is thought wells with elevated chloride are either susceptible to runoff from deicing 
compounds or are connected to recharge sources that are.  Using multiple datasets to gain an 
understanding of groundwater conditions can be useful in hydrologic studies.  The application of 16S 
sequencing to identify community wide changes in bacterial populations has the potential to provide 
evidence for hydrologic processes in the subsurface.   
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Introduction: 
There is growing concern over the degradation of water resources and ecological impacts from 
road salting in winter weather over the last several decades (Stets et al. 2018, Kaushal et al. 2005, 
Findlay and Kelly 2011). The town of Sherman, Connecticut has experienced sustained elevated chloride 
and sodium concentrations in several private and public supply drinking water wells in the town center 
over a four-year period from road salting described in detail in Chapter 1 of this thesis.  Analytical and 
hydrologic data indicate controls on groundwater quality in the town center include weather patterns, 
surficial material, surface water bodies, and impervious surfaces combining to control the distribution 
both spatially and temporally of major ions and geochemical parameters.   Bacterial communities 
present in the wells in the town center were characterized through 16s rRNA gene sequencing to 
compare to existing interpretations of groundwater flow pathways and relationships.  These 
communities were compared to geochemical parameters and hydrologic characteristics which relate to 
groundwater quality.  With the evidence of hydrologic relationships gathered from traditional datasets, 
we compare changes of bacterial community taxonomy to changes in environmental conditions present 
in the wells.  This additional dataset provides further evidence for hydrological relationships which are 
consistent with previously determined interpretations. 
Bacterial communities in the subsurface respond to a wide range of environmental conditions.  
The groups diversity and functional capabilities in an environment is largely driven by the availability of 
nutrients in groundwater systems (Griebler and Leuders 2009, Little et al. 2008).  Microbiological 
function has long been known to be crucial to processes in the subsurface which preserve groundwater 
quality (Chapelle 2000, Haack and Bekins 2000).  Recent advancements in next generation sequencing 
has allowed us to identify the interrelated biochemical processes conducted by microbiological 
communities that drive chemical processes in aquifer systems (Anantharaman et al. 2016).  There is 
ample evidence for relationships between groundwater source areas, environmental conditions, and 
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their impact on bacterial communities both spatially and temporally (Mamaar et al. 2015, Flynn et al. 
2012, Bougon et al. 2011).   Sequencing of these populations has been shown to be able to identify 
community wide changes in groundwater, often linked to nutrient fluxes along flow-pathways (Lin et al. 
2012, Flynn et al. 2013), major recharge events (Zhou et al. 2012), or bacterial transport via dispersion 
(Beaton et al. 2016).  Variations observed in bacterial populations can be linked to any number of these 
processes as well as other factors including sampling technique.  If the well is properly purged prior to 
sampling, then suspended bacterial samples from groundwater samples provide consistent community 
structure as attached communities in aquifers (Korbel et al. 2016, Majaneva et al. 2018).   
 Chapter 1 of this thesis, details water quality monitoring of these wells and provides a 
framework for the basis of this study.  The long-term persistence of chloride in this fractured bedrock 
aquifer is linked to storage of deicing chemicals, namely sodium and chloride, in soils and groundwater 
which are not flushed completely on an annual basis.  This is consistent with a growing body of research 
which indicates chloride loading from deicing is resulting in the gradual increase in salinity of surface and 
groundwater bodies over the last several decades in the salt belt (Stets et al. 2018, Kaushal et al. 2005, 
Findlay and Kelly 2011, Vitale et al. 2017, Rossi et al. 2016, Heath and Morse 2012, Gedlinske et al. 
2013).  Two of the most important variables in controlling groundwater susceptibility to surficial 
contaminants in post-glacial landscapes are the characteristics of surficial material and land use (USGS 
1998).  These factors play a large role in controlling recharge and flow pathways in groundwater systems 
(Nimmo et al. 2008, Bauer 1997) which has implications for bacterial communities and groundwater 
quality.  
Analysis of the spatial distribution of chloride in Sherman indicates the composition and thickness of 
surficial material and land use upgradient of these wells are the primary controls on groundwater 
quality.  Since chloride is a conservative tracer and is dispersed easily through aquifers, the presence or 
absence of it in groundwater is dictated by the recharge sources to these wells, where wells are either 
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susceptible to infiltration of stormwater runoff or fed from unimpacted recharge sources.  These 
variations in groundwater chemistry serve as proxies for groundwater flow pathways, controlled by the 
connectivity between water bearing fractures and recharge sources.  In this chapter, bacterial 
populations are compared to the geochemical conditions, surficial material, and hydrologic context to 
identify consistent changes in this groundwater system with bacterial community composition.   
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Materials and Methods: 
Hydrogeologic Context: 
 The local hydrology of this study area is typical of the post-glacial aquifer systems present in 
New England with widely variable surficial material overlying fractured crystalline bedrock (USGS 1998).    
The location of the study area is near the western border of Connecticut, shown in Figure 1A.    Mild 
topographic relief illustrated by the 1m lidar digital elevation model (DEM), Figure 1B and 1C creates 
hydrologic gradients that feed groundwater flow pathways through fractured bedrock as well as shallow 
pathways which may interact with surficial aquifers or local surface water bodies.  Bedrock geologic 
maps (Richards 1985) indicate the wells in this area are installed into the highly deformed and fractured 
units of the dolomitic Stockbridge Marble, the basal marble member of the Walloomsac Schist, or the 
Walloomsac Schist, Figure 1D.  Surficial material varies widely in the town center, from thin layers of low 
permeability glacial till to highly permeable sand and gravel deposits associated with a local drainage, 
Sawmill Brook, Figure 1E.  In this study area all wells are either private residential drinking water wells or 
low production public drinking water systems installed to varying depths in the underlying fractured 
bedrock.   
Land use in this study area is composed of residential and light commercial development 
surrounded by woodland.  Historical well log data obtained from the Connecticut Department of 
Consumer Protection (CTDCP) was utilized to determine well construction details for a portion of wells 
included in this study.  The records on the CTDCP website are incomplete, so specific construction 
details are missing for a portion of the wells, however relevant data from available well logs are 
summarized in Table 1.  The locations of residential wells were plotted using well coordinates provided 
by Sherman with surface elevations projected onto the DEM.  By combining the well records a 
topographic profile created in ArcGIS a cross section illustrating surficial material composition and 
thickness was constructed, Figure 2.  Where well logs were not available, a rough estimate of surficial 
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thickness at the well could be made in the context of surficial material and constrained by known well 
depths. 
Groundwater Sampling and Characterization: 
For this study, twenty-four groundwater samples and one surface water sample were collected 
during a water quality monitoring event, in March of 2018.  Samples were collected prior to treatment 
or filtration systems after thorough flushing of water lines, consistent with state health department 
protocols for residential well sampling.  Analysis of drinking water samples include chloride (Cl), 
alkalinity, calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), total hardness, and calcium 
hardness.   Indicator parameters including pH, oxidation-reduction potential (ORP), and electrical 
conductivity, were measured following sample collection with a QED MP 20 multiparameter sonde 
calibrated prior to data collection.  Results of this analysis are displayed in Table 3. 
Multivariate analysis of the geochemical parameters was conducted in RStudio version 3.4.3 (R Core 
Team 2017).  A Principal Component Analysis (PCA) was conducted to quantify differences in 
geochemical parameters with correlation coefficients calculated in R of less than 0.9. Calcium hardness 
and total hardness were found to be collinear with calcium and conductivity with chloride 
concentration, so those parameters were not included in the PCA.  These results are displayed in Figure 
8, completed using ggplot2 (Wickham, 2016).  Principle Component (PC) 1 and PC 2 explain 56% and 
17% of the variance in the dataset respectively.   
For bacterial community analysis, 1 gallon of water was collected in a plastic carboy which was 
rinsed thoroughly with sample water from 24 wells and 2 surface water points.  One surface water 
sample was collected from Sawmill Brook which has no data for major ions and only pH, conductivity, 
and ORP, as it is not regularly monitored by the town.  The other surface water sample was collected 
from Judd’s Pond which is included in the monitoring program and was analyzed for major ions and 
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geochemical parameters.  The samples were kept at less than 45o Fahrenheit until filtered.  Filtering 
consisted of pumping 1 liter of water with a peristaltic pump from the carboy through an inline 0.22-
micron polyethersulfone membrane filter mounted in a reusable filter holder (Fisher Scientific).  
Samples were filtered within 12 hours of sample collection.  Prior to filtration the filter system was 
flushed with one liter of dilute bleach followed by one liter of distilled water, and finally one liter of well 
water from the carboy.   After filtering, sucrose lysis buffer was added as a preservative for the filter 
(Majaneva et al 2018).  The filters were stored in a -80 C freezer at the Microbial, Analysis, Resource and 
Services lab (MARS) at UConn until extraction.   
DNA Extraction, PCR Amplification, and Sequencing: 
 DNA Extraction, PCR amplification, and sequencing of bacterial communities collected on the 
filters was completed at the MARs lab at the University of Connecticut.  DNA was extracted from the 
filters using the Qiagen DNeasy Power Water Kit (Qiagen) according to the manufacturer’s protocol.  
DNA extracts were quantified using the Quant-iT PicoGreen kit (invitrogen, ThermoFisher Scientific).  
Partial bacterial 16S rRNA genes for the hypervariable V4 region with 515F and 806R primers with 
Illumina adapters and 8 basepair dual indices (Kozich 2013) were amplified in triplicate 15 μl reactions 
using GoTaq (Promega) with the addition of 10 µg BSA (New England BioLabs). To overcome initial 
primer binding inhibition due to the mismatch of the many primers to the template priming site, 0.1 
femtomole 515F and 806R was added which does not have barcodes and adapters. The PCR reaction 
was incubated at 95˚C for 2 minutes, the 30 cycles of 30 s at 95.0°C, 60 s at 50.0°C and 60 s at 72.0°C, 
followed by final extension as 72.0°C for 10 minutes.  PCR products were pooled for quantification and 
visualization using the QIAxcel DNA Fast Analysis (Qiagen).  PCR products were normalized based on the 
concentration of DNA from 350-420 bp then pooled using the QIAgility liquid handling robot.  The 
pooled PCR products were cleaned using the Mag-Bind RxnPure Plus (Omega Bio-tek) according to the 
manufacturer’s protocol.  The cleaned pool was sequenced on the MiSeq using v2 2x250 base pair kit 
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(Illumina, Inc). Raw nucleotide sequence data are in the process of being submitted to the GenBank 
sequence database hosted by the National Center for Biotechnology. 
Community Sequence Analyses: 
 Sequences were demultiplexed using onboard bcl2fastq.  Demultiplexed sequences were 
processed in mothur v. 1.40.5 following the MiSeq standard operating procedure (Kozich et al. 2013).  
Contigs from merging forward and reverse reads that did not meet length expectations or had 
ambiguities were removed.  Sequences were aligned to the Silva nr_v119 alignment (Quast et al. 2013).  
Contigs were pre-clustered to combine rare sequences with less than a two-nucleotide difference of 
highly common sequences and chimeras were removed.  Taxonomic identification of operational 
taxonomic units (OTU’s) was done using the ribosomal database project Bayesian classifier (Wang Q et 
al. 2007) against the Silva nr_v119 taxonomy database and sequences that belong to non-bacterial 
lineages were removed.  Unidentified sequences were retained for community analysis since 
unidentified OTU’s can be relevant for ecological comparisons in poorly studied communities such as 
those in groundwater systems.   
The number of species observed, Good’s coverage, and diversity measures including the Inverse 
Simpson and Shannon indices were calculated in mothur (Schloss 2009) and displayed in Table 4.  A 
taxonomic bar plot, Figure 10 was created from the sequence data rarified to 10,000 sequences to 
display class level distinctions of proteobacteria and phylum level distributions of other taxonomies 
present for each sample using package reshape2 in RStudio (Wickham 2017).  Phyla representing less 
than 2% of the total sequences were summed into the “Bacteria_Other” category.  The bar plot was 
organized to group the two surface water points on the left, while the well water samples were 
organized by impacts from chloride on the left side to unimpacted wells on the right.  Community 
structures were compared between groups based on geochemical characterizations using Non-Metric 
Multidimensional Scaling (NMDS) ordinations of the Bray-Curtis dissimilarity index run using the vegan 
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package (Oksanen 2015) in RStudio version 3.4.3.  The fitting of environmental variables to the 
ordination plot with significance values greater than 0.05 calculated with a 100-permutation test in 
vegan.  Tested parameters include pH, conductivity, ORP, chloride, magnesium, sodium, calcium, 
potassium, alkalinity, total hardness, calcium hardness, elevation of well head, and inferred surficial 
material thickness of the well.  In addition to constructing ordination plots including all samples, bray 
Curtis dissimilarities between samples were calculated in vegan only including OTU’s with over 25 
occurrences.  Figures were constructed in R 3.4.3 using ggplot2 3.0.0 (Wickham, 2011) and 
RColorBrewer 1.1-2. 
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Results: 
Geochemical Characterization of Groundwater:  
The analytical results for the wells and surface water bodies included in the March 2018 
sampling event is summarized in Table 3.  Chloride concentrations range from 1.8 mg/L in 14Rt37C, to 
843 mg/L in 15Rt39N.  Sodium concentrations range from 2.5 mg/L in 14Rt37C to 342 mg/L in 15Rt39N.  
The spatial distribution of chloride concentrations reflect variation in surficial material or land use in the 
town center.  Wells with high concentrations of dissolved solids are downhill of impermeable surfaces 
and installed through thin surficial material.  Wells with low concentrations are installed through the 
thicker, coarser grained stratified drift deposits associated with Sawmill Brook or are simply uphill of 
parking lots and roads as shown in Figure 1 and Figure 2. 
Variations of the groundwater analytical data from March 2018 are displayed in the PCA, Figure 
8.  There is a gradual transition between water chemistries from wells with low concentrations of 
sodium and chloride with positive values on PCA axis 1, to wells with much higher concentrations with 
negative values on PCA axis 1.  These results are consistent with the long-term geochemical monitoring 
described in Chapter 1.  The first PC axis separates wells with above average dissolved solids 
concentrations from those below average.  This distinction coincides with classifications of the wells 
which exhibit concentrations above or near drinking water standards for chloride and sodium from wells 
with “no impacts”.  The second PC axis distinguishes wells based on relative enrichments of either Cl, Ca, 
and Na compared to enrichments of alkalinity, K, and Mg.  These distinctions of wells with elevated 
concentrations are consistent with the underlying bedrock geology, where wells enriched in Cl, Ca, and 
Na are installed into the basal marble member of the Walloomsac Schist while the other wells are 
installed into the dolomitic Stockbridge Marble.  Oxidation reduction potential is greatest in wells with 
elevated chloride while pH is greater in wells with low chloride concentrations.  The geochemical 
parameters indicate there are gradual transitions between well water chemistry, which is consistent 
with the spatial distribution and hydrologic context of the wells across the town center. 
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Groundwater Bacterial Communities: 
 A total of over 30,000 unique OTU’s were identified from over 650,000 quality filtered 
sequences from the groundwater and surface water samples.  Individual wells ranged from 669 distinct 
OTU’s to 3,119 OTU’s for 29Rt37C and 8 Rt 37C respectively while surface water samples had the 
greatest number of species observed, at 3,557 for Judd Pond and 3,263 for Sawmill Brook.  Good’s 
coverage for rarified samples indicates high coverage for all community samples, with the lowest values 
of 0.75 and 0.76 for the two surface water samples, and values greater than 0.8 for all groundwater 
samples.  Comparisons of OTU richness and alpha diversity measures including the Shannon and 
Simpson indices did not allow for a differentiation of sample diversity by water quality or any other 
environmental factors such as surficial material thickness or elevation of well head.  Rarefaction curves 
and box plots of alpha diversity measures are included in Appendix B.  The dissimilarity in microbial 
community structure is illustrated in the NMDs plot of the Bray Curtis Dissimilarity with significant 
environmental factors included, Figure 9.  While communities in several wells are anomalous, there is a 
general transition between wells which exhibit elevated chloride levels on the top right of the plot from 
unimpacted wells towards the bottom left.  The environmental parameters fitting revealed that 
differences in community structure were correlated with several environmental parameters; chloride, 
magnesium, potassium, alkalinity, and pH (p<0.05).  These parameters are related to the source areas 
providing groundwater to these wells and despite some anomalous samples, they illustrate some 
consistency between groundwater quality and associated changes in bacterial communities.  For beta-
diversity analysis including only OTU’s with greater than 25 occurrences between all wells, a similar 
trend was observed. 
The taxa bar plot, Figure 10, illustrates both the gradual transitions between communities of 
different well groups and sharp distinctions between anomalous samples and the rest of the 
communities.  The surface water samples have consistent taxonomic structure and are distinct from the 
groundwater samples, with a much greater proportion of Bacteroides than typical groundwater 
samples.  Of the groundwater samples, a few anomalous wells sit on the periphery around a cluster of 
more similar wells in the center of the Bray-Curtis NMDs.  Wells 1Rt37C and 5Rt37C are composed of 
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76% and 70% respectively of Beta-Proteobacteria, primarily the genus Gallionellaceae, distinguishing 
those samples from all other communities.  Other anomalous communities are found in 29Rt37C, 
3Rt39N, 23Rt39N, 1Rt37E, and 15Rt39N, all of which are installed through thin till and are either 
impacted by chloride or are simply located uphill of paved areas.  These communities have lower values 
for diversity measures but greater values for Good’s coverage compared to other samples in the dataset 
indicating lower species richness and abundances or taxa were observed.   
Bacterial community compositions are found to be similar to each other in many of the samples, 
as illustrated in the Bray Curtis NMDs, Figure 9 and shown in the taxa bar plot, Figure 10.  The 
communities, for 8Rt37C, 4Rt37C, 6Rt37C, 2Rt37E2, 2Rt39N, 22Rt37C, 1Rt39N, 7Rt37C, 17Rt37C5, 
17Rt37C6, 10Rt37C, 14Rt37C, 9Rt37C, 22Rt37C, and 11Rt37C are shown to have similar proportions of 
many bacterial phylum.  These wells have lower Good’s coverage values and alpha diversity measures 
indicating a lower coverage of community taxonomies which is highly diverse.  Additionally, a greater 
proportion of these communities is composed of rarer bacterial taxa, combined into the 
“Bacteria_Other” category and unclassified bacteria.  These trends are indicative of more diverse 
communities with more abundant bacterial taxonomies than found in the more anomalous communities 
found plotted around the wells which cluster together on Figure 9. 
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Discussion: 
The variability found in the bacterial communities as well as the geochemical conditions are 
reflective of the complex nature of source waters and groundwater flows pathways found in fractured 
bedrock systems.  This variability may be explained by a combination of all the datasets reviewed for this 
study including presence or absence of chloride, well installation depth, surficial material thickness, and 
land use directly uphill of wells.  The wells with communities that vary wildly from others, located on the 
periphery of the Bray-Curtis NMDs, including 3Rt39N, 23Rt39N, 1Rt37E, 29Rt37C, and 15Rt39N may 
have a more localized recharge source than others due to their installation in thin till.  This could have 
an influence on nutrient fluxes and hydraulic gradients that governing flow through the fractured rock, 
both of which could play a substantial role in governing community function and taxonomy.  Without a 
consistent nutrient source, bacterial abundance will likely be impacted, lowering biodiversity and 
limiting bacterial community function.  This is consistent with the findings of Zhou et al 2012 which 
found perturbations to bacterial communities in shallow groundwater during periods of high recharge, 
which decreased alpha diversity and impacted community structure in those wells in comparison to the 
rest of the year.  The samples in this study were collected in March, a time of year with generally higher 
groundwater recharge rates than the rest of the year (USGS 1998).  The hydrologic context of these 
wells suggests they may be more susceptible to surficial runoff than other wells, as several of them are 
installed through thinner surficial material and are installed at topographic highs. 
The more similar communities of 8Rt37C, 4Rt37C, 6Rt37C, 2Rt37E2, 2Rt39N, 22Rt37C, 1Rt39N, 
7Rt37C, 17Rt37C5, 17Rt37C6, 10Rt37C, 14Rt37C, 9Rt37C, and 11Rt37C show the gradual transition 
between wells with low concentrations of chloride compared to those with higher concentrations.  The 
significant environmental parameters fit to the NMDs plot illustrates this relationship, where the axis of 
the vectors representing higher dissolved solids is parallel to wells plotted towards the upper right, in 
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contrast to the axis for pH, oriented towards unimpacted wells to the lower left.  The relationship 
between the bacterial communities and geochemical conditions, which serve as a proxy for recharge 
sources, illustrates how these communities are linked to the groundwater flow pathways controlling 
groundwater quality.  This interpretation is consistent with changes in topography, where the more 
similar communities are generally found in wells that sit at lower elevations than the anomalous wells.  
The more similar wells may have a consistent nutrient source controlling the response of bacterial 
communities.  This consistency in source waters may provide a more stable environment for the 
bacterial communities found in these wells with allowing for the gradual transition of communities to be 
observed in the NMDs plot.  This transition may not be apparent in the wells with anomalous 
communities because the nature of their recharge is much more variable, resulting in greater 
perturbations to their environment ultimately resulting in lower taxonomic diversity and bacterial 
abundances.  
There are several unknowns which may impact the results of geochemical and community 
analysis for these wells.  Well depth may play a role in determining community structure, an anomalous 
well 29Rt37C is shown to be installed 700 ft into the bedrock while other wells are much shallower, 
typically between 200 and 400 ft.  This discrepancy in well depths allows for the potential tapping of 
groundwater from deep fractures which can alter well chemistry and nutrient fluxes, thereby altering 
community composition.  Mamaar et al 2015 found distinctions between communities in wells 
recharged from deep fractures in bedrock wells compared to shallower flow pathways with younger 
residence time.  Since many well logs are missing it is not possible to tie variability in community 
composition to solely the well depth and potential inputs from deep groundwater.  It is also not directly 
obvious whether shallow or deep fractures are feeding these wells, introducing uncertainty to 
interpretations of flow pathways without greater insight into fracture patterns in the bedrock.  A well, 
such as 9 Rt 39 N, installed on the hilltop, with thin surficial cover, making it susceptible to stormwater 
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infiltration, may be fed primarily from deeper fractures.  This may dilute out any impacts from 
stormwater recharge, resulting in a community with much more stable nutrient sources and therefore, 
consistent bacterial community, which is what is observed in the sample from 9 Rt 39 N.  Another 
variable which is difficult to quantify is the impact of bacterial transport through advective and 
dispersive transport through fractures compared to the attached bacterial populations in the well bore.  
Without costly and intrusive geophysical logging of each well it is difficult to determine flow rates 
through these fractures and the impact that might play into community composition.  Variable pumping 
rates and water usage may play a role, with several public supply wells having anomalous communities, 
while other public suppliers have more consistent communities.  This pumping may impact the transport 
of bacteria through fractures and into the wellbore, impacting the composition of the suspended 
bacteria collected in the well water. 
 
 
 
 
 
 
 
 
 
 
  
34 
 
Conclusions: 
Characterization of bacterial communities via 16S sequencing can be a useful method to use in 
conjunction with traditional hydrologic methods to elucidate relationships between groundwater and 
the physical, chemical, and biological processes that preserve drinking water quality.  The results from 
this study illustrate how bacterial populations can respond to aquifer conditions and geochemical 
gradients in an anthropogenically impacted fractured bedrock aquifer.  While many variables that may 
impact bacterial community composition are not accounted for in this study, a gradual transition 
between communities is observed, consistent with transitions of geochemical parameters.  The 
presence of anomalous communities is potentially due to high recharge in wells with thin surficial 
material, which impacts nutrient fluxes and groundwater flow dynamics, ultimately impacted 
community structure.  Further development of this method in a more controlled and well-defined study 
area has the potential to have real implications for understanding the dynamic relationships between 
groundwater recharge zones, flow pathways, bacterial communities, and the preservation of 
groundwater quality.   
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Recommendations for Future Studies 
 To better constrain and identify the variables controlling bacterial community composition and 
transport in groundwater systems, several methods to reduce the uncertainties identified in Chapter 2 
are provided below. 
• Nutrient sources for bacterial communities should be measured including dissolved organic 
matter, dissolved oxygen, nitrate, sulfate, manganese, and iron.  These parameters have been 
found to play major roles in controlling changes of bacterial community makeup and should be 
accounted for in future work. 
• Well construction details should be known in order to identify wells potentially drawing from 
deep or shallow fractures.  The residence time of groundwater and isolation from surficial 
recharge may impact nutrient sources for these communities and concentration averaging may 
mix communities of these different depths, making interpretations unclear. 
• Well pumping rates and water usage should be quantified in order to identify if pumping rates 
and volume impacts community composition.  The velocity and volume of water used may 
impact transport of bacteria mobilized through the fractured bedrock from suspended or 
attached communities. 
• Measuring geochemical parameters with a water quality sonde and collecting samples after the 
stabilization of geochemical parameters may ensure that samples are more consistent and 
represent formation water as opposed to the potential for collecting samples along the 
plumbing system. 
By addressing the uncertainties identified through this study and continuing work to develop this 
method, clearer results relating changes in bacterial communities to recharge conditions and 
groundwater flow pathways may be identified. 
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Table 1: Available Well Construction Details 
Address Designation 
Date 
Completed 
Surface 
Elevation 
(ft) 
Surficial 
Material 
Thickness 
(ft) 
Well 
Depth 
(ft.) 
Depth to 
Water 
(ft.) 
1Rt37E Domestic 5/25/1994 475.40 8 300 25 
2Rt37E2 - Sherman 
Elementary School 
Public 
Supply 
3/28/2001 455.40 10 405 27 
1Rt39N - Volunteer 
Fire Department 
Public 
Supply 
11/19/2009 488.75 9 450 60 
2Rt39N Domestic 7/14/2005 474.80 13 380 16 
3Rt39N - Sherman 
Green Marketplace 
Well 1 
Public 
Supply 
9/5/1975 497.50 4 30 30 
9RT39N - Mallory 
Town Hall 
Public 
Supply 
5/20/1976 506.50 2 300 25 
6Rt37C Domestic 9/10/1971 466.60 4.5 85 30 
7Rt37C Domestic 11/2/1984 451.20 8 200 10 
10Rt37C Domestic 6/28/1972 454.30 8 210 6 
11Rt37C Domestic 8/9/1972 454.37 27 98 NA 
17Rt37C6 - Holy 
Trinity Church 
Public 
Supply 
12/9/1991 451.35 35 300 12 
29Rt37C - 
American Pie 
Company 
Public 
Supply 
3/18/1989 495.93 0 700 0 
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Table 2: Early Water Quality Monitoring Review 
Location 
Time Span of 
Sampling 
Number of 
Nitrate 
Samples 
Average 
Nitrate (mg/L) 
Number of 
Chloride 
Samples 
Average 
Chloride (mg/L) 
9Rt39N - Mallory 
Town Hall 
April 2002 to 
February 2015 
47 4.67 (3.14) 0 Na 
3Rt39N - Sherman 
Green Marketplace 
Well 1 
June 2002 to 
May 2014 
13 0.95 (0.95) 1 75 (Na) 
15Rt39N - Sherman 
Green Marketplace 
Well 2 
August 2003 
to May 2014 
17 1.16 (1.84) 4 2.85 (2.88) 
2Rt37E - Sherman 
Elementary School 
June 2002 to 
May 2014 
13 2.1 (0.45) 3 84.2 (65.5) 
1Rt39N - Volunteer 
Fire Department 
July 2002 to 
June 2014 
12 2.79 (1.17) 0 Na 
* Average concentrations of constituents followed by standard deviations in parenthesis 
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Table 3: Geochemical Parameters and Major Ions 
Address 
Sample 
Date 
pH 
Oxidation 
Reduction 
Potential 
Conductivity 
(μs/s) 
Cl 
(mg/L) 
Ca 
(mg/L) 
Mg 
(mg/L) 
K 
(mg/L) 
Na 
(mg/L) 
Calcium 
Hardness 
(mg/L) 
Total 
Hardness 
(mg/L) 
Alkalinity 
(mg/L) 
10Rt37C 3/24/2018 7.48 189 0.7 77 79 22 5.4 23 196 288 216 
11Rt37C 3/24/2018 7.57 166 0.439 19 73 9.8 2.9 4 182 222 186 
14Rt37C 3/24/2018 7.66 200 0.281 1.8 51 7.2 2.2 2.5 128 158 144 
15Rt39N 3/23/2018 7.05 193 3.08 843 230 24 6.2 342 573 671 192 
17Rt37C5 3/24/2018 7.74 181 0.29 4.5 33 10 3.2 3.3 87 131 122 
17Rt37C6 3/24/2018 7.7 192 0.264 11 35 11 3.5 4.8 83 125 115 
1Rt37C 3/24/2018 7.28 183 1.194 225 148 25 4.5 79 368 472 274 
1Rt37E 3/23/2018 7.03 172 1.052 214 198 13 5 16 493 545 234 
1Rt39N 3/23/2018 6.85 272 1.68 391 172 15 6.7 165 432 492 249 
20Rt37C 3/24/2018 7.65 192 0.313 7.3 45 9.9 3.1 3.6 113 154 142 
22Rt37C 3/24/2018 7.56 177 0.431 37 56 12 2.3 13 140 191 149 
23Rt39N 3/23/2018 7.18 173 0.716 106 121 8.9 7.7 40 303 340 243 
29Rt37C 3/23/2018 8.26 151 0.24 16 14 1 1 33 35 39 66 
2Rt37E1 3/23/2018 7.29 203 1.06 223 130 14 5.4 77 325 381 198 
2Rt37E2 3/23/2018 7.25 197 1.78 395 184 22 5 139 460 550 250 
2Rt39N 3/23/2018 6.85 190 2.83 758 390 39 9.8 106 975 1130 250 
3Rt39N 3/23/2018 7.26 173 0.436 13 78 3.3 3 6.9 195 209 182 
4Rt37C 3/24/2018 7.13 198 0.989 185 120 46 14 80 300 491 349 
5Rt37C 3/24/2018 7.2 185 2.57 674 160 81 11 213 400 732 255 
6Rt37C 3/23/2018 6.94 211 1.56 286 114 48 14 126 286 485 314 
7Rt37C 3/24/2018 7.44 164 0.646 66 85 19 4.7 17 212 291 210 
8Rt37C 3/24/2018 7.08 192 1.57 290 109 48 13 126 271 468 309 
9Rt37C 3/24/2018 7.56 165 0.44 108 111 24 2.9 10 277 377 232 
9Rt39N 3/23/2018 6.95 181 1.59 323 148 31 8 118 369 495 273 
JuddPond 3/23/2018 7.68 137 0.664 115 70 14 2.4 42 175 232 147 
SawmillBrook 3/24/2018 7.87 130 0.203 NS NS NS NS NS NS NS NS 
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Table 4: Alpha Diversity Measures 
Sample Species Observed 
Good's 
Coverage 
Shannon Index 
Inverse Simpson 
Index 
Judd Pond 3557 0.76 7.0 159.6 
Sawmill Brook 3263 0.77 6.6 78.8 
8Rt37C 3119 0.83 7.1 281.0 
4Rt37C 3058 0.83 6.9 112.0 
6Rt37C 2939 0.84 7.0 291.9 
2Rt37E2 2917 0.85 7.2 636.0 
22Rt37C 2639 0.90 7.1 438.5 
1Rt39N 2443 0.88 6.8 331.2 
7Rt37C 2424 0.89 6.9 400.2 
17Rt37C5 2215 0.90 6.8 329.8 
10Rt37C 2029 0.88 5.7 25.8 
17Rt37C6 1884 0.92 6.3 103.9 
14Rt37C 1780 0.93 6.5 277.4 
9Rt37C 1744 0.93 6.2 94.1 
3Rt39N 1656 0.89 4.7 19.3 
23Rt39N 1636 0.90 5.2 42.4 
2Rt39N 1618 0.93 5.9 81.4 
9Rt39N 1606 0.94 6.2 174.6 
11Rt37C 1582 0.92 5.3 35.2 
1Rt37E 1570 0.91 5.0 20.3 
15Rt39N 1225 0.95 5.4 54.5 
20Rt37C 1122 0.94 4.7 17.9 
1Rt37C 999 0.94 2.3 1.9 
5Rt37C 875 0.94 2.1 2.1 
29Rt37C 669 0.98 3.7 5.6 
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Figure 1: Hydrologic setting of Sherman Connecticut, A: Study area on the western edge of Connecticut 
displayed as a star.  B: DEM of local area including all wells and surface water point included in study.    
C: Zoomed in DEM of the town center with the location of most of the wells included in study.                
D: Well locations with regards to the bedrock geologic map (Rogers 1985) E: Surficial geologic map with 
wells overlain above (Stone et al. 2010). F: Iso-concentration map created by the inverse distance 
weighted function in ArcGIS, displaying extent of chloride impacts from March of 2015 overlain above 
the impervious surfaces layer. 1M lidar DEM’s were downloaded as tiles from CTECO while geologic 
maps and impervious surfaces was downloaded from CTDEEP
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Figure 2: Cross Section of Local Topography and surficial material cover, wells with consistently lower concentrations of sodium and chloride 
represented by green boxes are installed through the thicker surficial material associated with the local drainage, Sawmill Brook.  A transect of 
the topography was completed using ArcGIS to obtain changes in relative topography while well logs were used to identify thickness of surficial 
material and infer bedrock depth between known wells.
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Figure 3: A and B: Chloride and Sodium concentrations through time of wells impacted above drinking 
water standards with the average for each sampling event bolded.    Average chloride concentrations 
decrease from 610 mg/L in May of 2015 to 232 mg/L February of 2019 while average sodium 
concentrations decrease from 204 mg/L in May of 2015 to 102 mg/L in February of 2019. 
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Figure 4:  Comparison of molar ratios of chloride to sodium in impacted wells.  Despite sodium and 
chloride being the primary deicers applied by the Department of Transportation and from the town, 
there is not a 1:1 ratio of sodium to chloride providing evidence for cation exchange of sodium with 
other cations or water rock interactions resulting in the dissolution of bedrock.
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Figure 5: Principal Component Analysis illustrates changes in groundwater quality related to chloride 
impacts.  PCA axis 1 distinguishes wells which regular exhibit chloride concentrations above EPA 
standards from those with no impacts.  PCA axis 2 distinguishes wells based on changes in ionic pools 
tied to lithologic controls.   
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Figure 6: Comparisons of standardized total Monthly Precipitation and Averages of Averages of 
Maximum and Minimum Daily Temperature by month.  Generally lower than average precipitation 
occurred between the summer of 2013 and spring of 2018 while lower than typical average monthly 
temperatures were lower in the winters of 2013 to 2014 and 2014 to 2015 which coincides with the 
appearance of high chloride concentrations observed in wells.   
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Figure 7: Boxplots of major ions and geochemical parameters from long term monitoring broken up by 
classifications determined from the PCA.  Wells installed through dolomite have higher average 
concentrations of alkalinity, potassium, and magnesium while wells installed through schist have higher 
than average concentrations of chloride, calcium, sodium, and hardness.  Wells with no impacts are 
installed through thicker coarser grained surficial material associated with the local drainage or are 
simply uphill of paved surfaces. 
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Figure 8: Principal Component Analysis illustrates changes in groundwater quality from March of 2018 
related to chloride impacts.  PCA axis 1 distinguishes wells which exhibit chloride concentrations above 
EPA standards from those with no impacts, in the green boxes.  PCA axis 2 distinguishes wells based on 
changes in ionic pools tied to lithologic controls, with pink circles being installed into the marble or 
schist unit while red triangles are wells installed into the dolomitic marble. 
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Figure 9: Non-Metric Multidimensional Scaling (NMDS) of the Bray-Curtis dissimilarity index with 
environmental factors fit with a p-value<0.05.  Illustrates the relationships of bacterial communities in 
the wells and surface water points with geochemical parameters.  The surface water points are 
clustered together and are distinct from the rest of the wells.  Of the groundwater samples, a periphery 
of anomalous wells surrounds a cluster in the center.  The cluster in the center illustrates the gradual 
transition between impacted wells and unimpacted wells which reflect changes in chemistry, indicative 
of recharge sources feeding the wells. 
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Figure 10: Taxonomic Bar Plots of Phylum and Class Level Proportions of Communities, Surface Water samples are on the far left, chloride 
impacted samples are 1Rt37C through 9Rt39N and wells to the right of 17Rt37C6 are unimpacted.  The distribution of taxonomy in the 
communities illustrates the dissimilarity observed in certain wells while showing the similarities between others. 
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Appendix A: Long Term Geochemical Monitoring Data 
Address Classification Date 
Cl 
(mg/L) 
Ca 
(mg/L) 
Mg 
(mg/L) 
K 
(mg/L) 
Na 
(mg/L) 
Calcium 
Hardness 
(mg/L) 
Total 
Hardness 
(mg/L) 
Alkalinity 
(mg/L) 
10Rt37C No_Impacts 2/22/2019 53 73 21 5.8 26 182 266 211 
10Rt37C No_Impacts 1/18/2019 63 78 22 5.9 27 195 285 221 
10Rt37C No_Impacts 8/24/2018 105 91 27 6.9 33 226 339 222 
10Rt37C No_Impacts 5/11/2018 80 77 21 5.2 23 192 277 203 
10Rt37C No_Impacts 3/24/2018 77 79 22 5.4 23 196 288 216 
10Rt37C No_Impacts 2/24/2018 99 86 25 6.3 31 216 318 235 
10Rt37C No_Impacts 1/26/2018 110 96 27 7.1 35 240 353 242 
10Rt37C No_Impacts 11/17/2017 137 100 31 7.3 40 249 376 255 
10Rt37C No_Impacts 8/19/2017 85 83 23 5.9 24 207 303 209 
10Rt37C No_Impacts 5/19/2017 91 85 25 6.2 26 212 315 210 
10Rt37C No_Impacts 3/31/2017 94 85 27 6.4 28 213 322 215 
10Rt37C No_Impacts 2/24/2017 94 82 24 5.9 26 204 305 214 
10Rt37C No_Impacts 1/20/2017 108 102 31 7.2 33 254 380 226 
10Rt37C No_Impacts 11/4/2016 108 84 26 6.1 27 211 319 228 
10Rt37C No_Impacts 8/26/2016 78 79 24 6.1 24 198 298 217 
10Rt37C No_Impacts 5/13/2016 59 73 21 5.7 20 181 266 209 
10Rt37C No_Impacts 3/18/2016 58 88 29 7.5 28 219 339 209 
10Rt37C No_Impacts 2/13/2016 60 72 20 5.4 21 180 264 221 
10Rt37C No_Impacts 1/8/2016 73 79 24 6.1 24 198 295 233 
10Rt37C No_Impacts 11/13/2015 119 99 32 7.9 34 246 377 264 
10Rt37C No_Impacts 8/14/2015 344 85 25 5.8 20 213 317 218 
10Rt37C No_Impacts 5/15/2015 62 72 19 4.8 14 179 258 204 
11Rt37C No_Impacts 2/22/2019 18 77 12 3.1 4.6 192 240 189 
11Rt37C No_Impacts 1/18/2019 18 77 13 3.1 4.6 195 245 196 
11Rt37C No_Impacts 8/24/2018 20 73 10 3.2 5 183 225 175 
11Rt37C No_Impacts 5/11/2018 19 73 11 3 4.4 183 228 179 
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11Rt37C No_Impacts 3/24/2018 19 73 9.8 2.9 4 182 222 186 
11Rt37C No_Impacts 2/24/2018 21 71 8.6 2.9 4.5 178 213 180 
11Rt37C No_Impacts 1/26/2018 21 76 8.8 3 4.7 189 225 180 
11Rt37C No_Impacts 11/17/2017 20 70 9.6 2.9 4.8 174 213 178 
11Rt37C No_Impacts 8/20/2017 20 75 9.4 2.9 4.5 186 225 176 
11Rt37C No_Impacts 5/19/2017 20 73 9.7 3.2 4.7 182 222 176 
11Rt37C No_Impacts 4/1/2017 20 73 9.3 3 4.6 181 220 175 
11Rt37C No_Impacts 2/25/2017 18 73 9.6 3 4.6 181 221 173 
11Rt37C No_Impacts 1/21/2017 21 44 7.3 2.4 4.5 110 140 118 
11Rt37C No_Impacts 11/4/2016 20 75 9.2 3 5.3 187 225 172 
11Rt37C No_Impacts 8/27/2016 19 66 9.6 3.4 5.5 165 205 176 
11Rt37C No_Impacts 5/16/2016 16 67 8.4 2.8 4 168 202 181 
11Rt37C No_Impacts 5/13/2016 19 71 9.2 3.3 5 176 214 181 
11Rt37C No_Impacts 3/19/2016 17 72 11 3.5 5.9 181 225 179 
  
  
6
0
 
11Rt37C No_Impacts 1/9/2016 18 71 8.7 2.9 4.6 178 214 180 
11Rt37C No_Impacts 11/14/2015 17 70 8.8 2.9 4.7 174 210 176 
11Rt37C No_Impacts 8/15/2015 17 68 8.9 3 4.5 169 206 179 
14Rt37C No_Impacts 2/24/2019 1.8 52 7 2.4 2.2 130 158 147 
14Rt37C No_Impacts 8/24/2018 1.9 50 7.8 2.6 2.5 126 158 142 
14Rt37C No_Impacts 5/11/2018 1.8 52 6.9 2.4 2.1 131 160 139 
14Rt37C No_Impacts 3/24/2018 1.8 51 7.2 2.2 2.5 128 158 144 
14Rt37C No_Impacts 1/26/2018 1.8 53 7.4 2.4 2.4 132 162 149 
14Rt37C No_Impacts 11/18/2017 1.9 51 7.8 2.4 2.7 128 160 149 
14Rt37C No_Impacts 8/20/2017 1.9 53 7.1 2.2 2.4 131 161 142 
14Rt37C No_Impacts 5/19/2017 1.7 48 8.3 2.5 3.6 119 153 137 
14Rt37C No_Impacts 2/25/2017 1.6 53 7.7 2.3 2.2 134 165 147 
14Rt37C No_Impacts 1/21/2017 1.7 57 7.8 2.5 2.2 143 175 147 
14Rt37C No_Impacts 11/4/2016 1.7 51 8 2.4 2.7 126 159 147 
14Rt37C No_Impacts 8/27/2016 1.8 48 7.9 2.5 2.7 121 153 144 
14Rt37C No_Impacts 5/14/2016 1.7 50 7.6 2.5 2.7 126 157 144 
14Rt37C No_Impacts 2/13/2016 1.4 48 7.2 2.3 2.4 119 149 142 
14Rt37C No_Impacts 1/9/2016 1.6 28 7.8 2.1 3.8 70 102 78 
14Rt37C No_Impacts 11/14/2015 1.6 53 7.3 2.4 2.1 131 162 154 
14Rt37C No_Impacts 8/15/2015 2.9 42 9.3 2.6 3.6 105 143 137 
14Rt37C No_Impacts 5/16/2015 2 38 9.2 2.4 4.3 94 132 134 
15Rt39N Schist 2/22/2019 561 159 16 5.3 274 397 463 204 
15Rt39N Schist 1/18/2019 271 92 8.5 4.1 201 229 264 255 
15Rt39N Schist 8/24/2018 514 138 16 5.3 290 344 408 262 
15Rt39N Schist 5/11/2018 819 205 23 5.9 354 512 605 183 
15Rt39N Schist 3/23/2018 843 230 24 6.2 342 573 671 192 
15Rt39N Schist 2/24/2018 700 181 18 5.7 343 452 526 196 
15Rt39N Schist 1/26/2018 589 152 15 5.6 300 380 440 207 
15Rt39N Schist 11/18/2017 650 205 22 6.3 349 511 603 279 
15Rt39N Schist 8/20/2017 785 241 24 6.2 350 603 703 252 
15Rt39N Schist 5/19/2017 699 164 19 5.5 332 410 490 193 
  
  
6
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15Rt39N Schist 3/31/2017 908 223 26 6.7 435 558 663 186 
15Rt39N Schist 2/24/2017 1000 313 34 6.1 555 781 922 187 
15Rt39N Schist 1/20/2017 889 212 22 6.3 421 530 621 195 
15Rt39N Schist 11/4/2016 1010 300 31 8 412 748 874 261 
15Rt39N Schist 8/26/2016 1070 327 34 7.7 438 818 958 256 
15Rt39N Schist 5/13/2016 924 213 22 7 412 531 624 192 
15Rt39N Schist 3/19/2016 942 222 25 7.9 512 554 658 193 
15Rt39N Schist 2/13/2016 1130 249 24 7.9 499 622 719 211 
15Rt39N Schist 1/9/2016 1110 233 21 7.5 524 581 669 241 
15Rt39N Schist 11/14/2015 1550 418 40 11 691 1040 1210 246 
15Rt39N Schist 8/15/2015 2480 643 58 15 805 1610 1840 246 
15Rt39N Schist 5/18/2015 2920 812 89 14 1260 2030 2400 193 
17Rt37C5 No_Impacts 2/22/2019 15 37 11 3.9 5.4 88 133 112 
17Rt37C5 No_Impacts 1/18/2019 15 38 11 3.8 5.2 95 143 112 
17Rt37C5 No_Impacts 8/24/2018 13 39 11 3.8 5.4 89 134 115 
17Rt37C5 No_Impacts 5/11/2018 12 35 9.9 3.3 4.7 87 127 111 
17Rt37C5 No_Impacts 3/24/2018 11 35 11 3.5 4.8 87 131 115 
17Rt37C5 No_Impacts 2/24/2018 11 36 11 3.5 5 89 133 117 
17Rt37C5 No_Impacts 1/26/2018 9.6 37 11 3.6 4.9 93 137 119 
17Rt37C5 No_Impacts 11/17/2017 9.9 36 11 3.6 5 91 134 119 
17Rt37C5 No_Impacts 8/19/2017 11 37 11 3.6 4.9 93 139 116 
17Rt37C5 No_Impacts 5/19/2017 11 36 11 3.7 5 90 136 115 
17Rt37C5 No_Impacts 3/31/2017 11 35 11 3.6 4.9 88 134 115 
17Rt37C5 No_Impacts 2/24/2017 11 34 11 3.7 4.9 86 131 111 
17Rt37C5 No_Impacts 1/20/2017 11 37 11 3.6 4.7 93 138 114 
17Rt37C5 No_Impacts 11/4/2016 9.9 32 9.6 3.5 4.6 80 120 120 
17Rt37C5 No_Impacts 8/26/2016 8.9 35 5.1 11 3.9 87 133 116 
17Rt37C5 No_Impacts 5/13/2016 11 35 11 3.9 5.3 86 131 116 
17Rt37C5 No_Impacts 3/18/2016 11 57 20 6.6 9.9 141 223 114 
17Rt37C5 No_Impacts 2/12/2016 11 35 11 3.6 5 87 130 116 
17Rt37C5 No_Impacts 1/8/2016 12 36 11 3.8 5 90 136 119 
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17Rt37C5 No_Impacts 11/13/2015 7.8 37 10 3.5 4.5 93 134 124 
17Rt37C5 No_Impacts 8/14/2015 12 36 11 3.8 5.3 90 136 120 
17Rt37C5 No_Impacts 5/15/2015 11 34 10 3.5 4.7 84 126 115 
17Rt37C6 No_Impacts 2/22/2019 3.5 35 11 3.7 3.8 93 140 120 
17Rt37C6 No_Impacts 1/18/2019 3.9 35 11 3.5 3.9 88 132 116 
17Rt37C6 No_Impacts 8/24/2018 5.1 36 11 3.5 4.1 98 145 117 
17Rt37C6 No_Impacts 5/11/2018 4.1 33 9.6 3.2 3.5 83 123 116 
17Rt37C6 No_Impacts 3/24/2018 4.5 33 10 3.2 3.3 83 125 122 
17Rt37C6 No_Impacts 2/24/2018 4.4 34 9.9 3.2 3.8 84 125 119 
17Rt37C6 No_Impacts 1/26/2018 1 34 10 3.3 3.8 85 127 117 
17Rt37C6 No_Impacts 11/17/2017 5.4 34 9.8 3.2 3.7 85 125 119 
17Rt37C6 No_Impacts 8/19/2017 5.1 35 10 3.1 3.9 87 128 116 
17Rt37C6 No_Impacts 5/19/2017 3.8 35 11 3.5 3.6 87 131 120 
17Rt37C6 No_Impacts 3/31/2017 4.2 34 10 3.2 3.5 84 126 116 
17Rt37C6 No_Impacts 2/24/2017 4.3 34 10 3.2 4 86 128 116 
17Rt37C6 No_Impacts 1/20/2017 4.4 34 9.9 3.1 4 85 125 115 
17Rt37C6 No_Impacts 11/4/2016 4 27 8.4 3.1 4.1 67 102 108 
17Rt37C6 No_Impacts 8/26/2016 4.7 32 10 3.2 4.8 80 121 112 
17Rt37C6 No_Impacts 5/13/2016 3.7 34 11 3.5 3.8 86 130 123 
17Rt37C6 No_Impacts 3/18/2016 3.4 43 15 4.8 5.7 109 170 121 
17Rt37C6 No_Impacts 2/12/2016 3.9 33 10 3.2 3.5 82 124 120 
17Rt37C6 No_Impacts 1/8/2016 3.9 34 10 3.3 3.7 85 127 122 
17Rt37C6 No_Impacts 11/13/2015 3.6 35 9.9 3.2 3.4 87 127 121 
17Rt37C6 No_Impacts 8/14/2015 4.3 33 10 3.1 3.4 84 125 120 
17Rt37C6 No_Impacts 5/15/2015 3.1 34 10 3.3 3.2 84 126 127 
1Rt37C Dolomite 2/22/2019 126 144 23 4.6 40 360 456 309 
1Rt37C Dolomite 1/18/2019 112 146 26 4.8 34 205 276 321 
1Rt37C Dolomite 8/24/2018 251 162 28 4.9 103 405 520 336 
1Rt37C Dolomite 5/12/2018 211 160 26 4.8 59 400 505 263 
1Rt37C Dolomite 3/24/2018 225 148 25 4.5 79 368 472 274 
1Rt37C Dolomite 1/26/2018 239 193 33 5.1 37 482 619 288 
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1Rt37C Dolomite 11/18/2017 358 196 32 5.1 116 490 621 341 
1Rt37C Dolomite 8/20/2017 201 180 28 4.5 22 450 564 256 
1Rt37C Dolomite 5/19/2017 289 152 28 4.7 103 380 494 260 
1Rt37C Dolomite 4/1/2017 319 177 29 4.6 98 443 563 255 
1Rt37C Dolomite 2/25/2017 310 159 26 4.5 103 398 506 247 
1Rt37C Dolomite 2/14/2017 222 145 24 4.6 71 363 462 290 
1Rt37C Dolomite 1/21/2017 258 140 21 4.1 106 349 435 261 
1Rt37C Dolomite 11/4/2016 244 163 30 4.6 39 407 529 257 
1Rt37C Dolomite 8/27/2016 216 176 31 4.8 21 438 565 254 
1Rt37C Dolomite 5/13/2016 260 165 28 4.8 412 413 529 275 
1Rt37C Dolomite 3/19/2016 204 137 27 4.7 57 342 453 276 
1Rt37C Dolomite 2/13/2016 282 185 30 4.7 52 461 584 283 
1Rt37C Dolomite 1/9/2016 336 185 28 4.6 103 461 575 312 
1Rt37C Dolomite 11/14/2015 237 173 31 4.4 28 432 558 274 
1Rt37C Dolomite 8/15/2015 175 141 23 4.2 24 353 447 261 
1Rt37C Dolomite 5/16/2015 193 154 26.4 4.1 46 384 492 341 
1Rt37E Schist 2/22/2019 131 156 11 4.8 21 395 442 247 
1Rt37E Schist 1/18/2019 282 165 12 4.9 21 368 474 251 
1Rt37E Schist 8/24/2018 272 220 17 5.9 28 549 620 227 
1Rt37E Schist 5/11/2018 200 176 12 4.7 19 439 489 229 
1Rt37E Schist 3/23/2018 214 198 13 5 16 493 545 234 
1Rt37E Schist 2/24/2018 306 243 16 5.5 19 606 670 225 
1Rt37E Schist 1/28/2018 411 280 21 6.7 28 699 786 230 
1Rt37E Schist 11/17/2017 472 300 22 6.6 28 749 839 224 
1Rt37E Schist 8/19/2017 287 239 16 6 17 597 663 222 
1Rt37E Schist 5/19/2017 155 154 13 4.5 13 385 437 228 
1Rt37E Schist 4/1/2017 206 180 14 5.3 16 449 509 232 
1Rt37E Schist 2/24/2017 341 260 20 6.3 22 649 730 222 
1Rt37E Schist 1/20/2017 326 239 18 5.5 18 597 670 230 
1Rt37E Schist 11/4/2016 309 265 21 5.8 21 662 748 231 
1Rt37E Schist 8/26/2016 232 59 15 3.2 34 147 208 236 
  
  
6
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1Rt37E Schist 3/19/2016 110 173 14 5.9 15 432 490 236 
1Rt37E Schist 2/13/2016 160 167 12 4.6 13 416 465 239 
1Rt37E Schist 1/9/2016 242 205 15 5.1 13 512 572 239 
1Rt37E Schist 11/14/2015 272 198 15 5 13 495 557 251 
1Rt37E Schist 8/15/2015 75 125 8.2 4 8.6 311 345 240 
1Rt37E Schist 5/16/2015 5.2 84 5.9 2.4 4 211 235 226 
1Rt39N Schist 2/22/2019 363 176 16 7.2 183 440 504 285 
1Rt39N Schist 1/18/2019 164 124 10 5.8 125 311 354 323 
1Rt39N Schist 8/24/2018 327 191 17 7.9 168 478 549 305 
1Rt39N Schist 5/11/2018 441 215 19 7.5 165 537 614 252 
1Rt39N Schist 2/23/2018 391 172 15 6.7 165 430 492 249 
1Rt39N Schist 1/26/2018 276 161 13 6.9 160 402 456 285 
1Rt39N Schist 11/17/2017 330 212 19 9.4 210 530 607 341 
1Rt39N Schist 8/9/2017 470 210 17 11 234 523 595 311 
1Rt39N Schist 5/19/2017 274 145 14 6.2 149 362 419 249 
1Rt39N Schist 3/1/2017 411 188 19 7.7 155 471 549 246 
1Rt39N Schist 2/24/2017 317 158 14 6.2 120 394 453 255 
1Rt39N Schist 1/20/2017 370 230 23 8.8 254 575 668 221 
1Rt39N Schist 11/4/2016 430 166 16 8.4 259 414 478 302 
1Rt39N Schist 9/7/2016 833 291 26 13 389 726 831 265 
1Rt39N Schist 8/26/2016 833 291 26 13 389 726 831 265 
1Rt39N Schist 5/13/2016 576 232 21 8.6 238 580 666 244 
1Rt39N Schist 3/19/2016 615 306 29 11 242 763 882 268 
1Rt39N Schist 2/12/2016 731 303 26 9.9 252 756 864 294 
1Rt39N Schist 1/8/2016 437 196 19 7.9 197 490 567 278 
1Rt39N Schist 11/13/2015 916 325 29 13 384 813 933 314 
1Rt39N Schist 8/14/2015 1110 411 35 14 383 1030 1170 303 
1Rt39N Schist 5/15/2015 774 307 28 12 253 766 881 314 
20Rt37C No_Impacts 2/22/2019 5.6 44 9.8 3.2 3.7 111 152 132 
20Rt37C No_Impacts 1/18/2019 5.7 46 10 3.2 3.9 115 157 137 
20Rt37C No_Impacts 8/24/2018 16 49 11 3.6 8.1 121 167 142 
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20Rt37C No_Impacts 5/11/2018 20 51 11 3.5 9.9 126 170 134 
20Rt37C No_Impacts 3/24/2018 7.3 45 9.9 3.1 3.6 113 154 142 
20Rt37C No_Impacts 2/24/2018 6.6 44 9.8 3.2 3.7 111 151 132 
20Rt37C No_Impacts 1/26/2018 9.2 45 10 3.3 5.8 113 154 134 
20Rt37C No_Impacts 11/16/2017 6.5 39 9.8 3.1 3.7 98 138 137 
20Rt37C No_Impacts 8/20/2017 15 50 9.6 3 6.1 124 163 135 
20Rt37C No_Impacts 5/19/2017 13 44 11 3.4 5 110 154 140 
20Rt37C No_Impacts 4/1/2017 9.9 46 10 3 4.2 114 157 134 
20Rt37C No_Impacts 2/25/2017 8.5 46 9.7 3 4 114 154 136 
20Rt37C No_Impacts 1/21/2017 9.6 45 10 3.2 4.3 113 155 134 
20Rt37C No_Impacts 11/17/2016 15 47 9.2 3.2 7.5 118 156 136 
20Rt37C No_Impacts 8/27/2016 12 87 10 3.1 5.5 217 259 139 
20Rt37C No_Impacts 5/14/2016 8 46 10 3.2 4.1 115 156 136 
20Rt37C No_Impacts 2/13/2016 7.3 45 9.5 3 3.8 113 152 135 
20Rt37C No_Impacts 1/9/2016 9.9 45 9.6 3 3.9 113 153 130 
20Rt37C No_Impacts 11/14/2015 16 44 9.8 3.2 5.9 109 150 148 
20Rt37C No_Impacts 8/15/2015 22 48 11 3.5 7.7 120 165 146 
20Rt37C No_Impacts 5/16/2015 11 45 9.6 3.1 4 112 152 143 
22Rt37C No_Impacts 2/22/2019 40 57 13 2.4 13 143 196 143 
22Rt37C No_Impacts 1/18/2019 49 61 14 2.5 15 153 211 152 
22Rt37C No_Impacts 8/24/2018 49 57 14 2.8 20 141 198 146 
22Rt37C No_Impacts 5/11/2018 43 56 13 2.4 14 140 192 139 
22Rt37C No_Impacts 3/24/2018 37 56 12 2.3 13 140 191 149 
22Rt37C No_Impacts 2/24/2018 26 50 11 2.2 12 125 172 145 
22Rt37C No_Impacts 5/19/2017 31 52 13 2.4 12 129 180 140 
22Rt37C No_Impacts 11/4/2016 64 56 13 2.8 31 141 194 149 
22Rt37C No_Impacts 8/27/2016 90 59 15 3.2 33 147 207 146 
22Rt37C No_Impacts 5/14/2016 43 52 12 2.5 16 131 181 138 
22Rt37C No_Impacts 3/19/2016 28 58 15 2.9 15 145 208 145 
22Rt37C No_Impacts 2/13/2016 30 51 11 2.2 12 127 174 147 
22Rt37C No_Impacts 1/9/2016 30 50 11 2.2 14 126 173 150 
  
  
6
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22Rt37C No_Impacts 11/16/2015 72 56 14 0.3 3 140 198 153 
22Rt37C No_Impacts 8/15/2015 69 57 15 2.9 23 143 204 149 
22Rt37C No_Impacts 5/16/2015 32 50 11 2.2 12 126 171 149 
23Rt39N No_Impacts 2/22/2019 41 111 7.7 7.2 37 278 309 279 
23Rt39N No_Impacts 1/18/2019 48 117 8.2 7.7 43 293 327 308 
23Rt39N No_Impacts 8/24/2018 93 140 10 8.7 49 350 392 301 
23Rt39N No_Impacts 5/11/2018 105 119 7.9 6.9 39 297 330 241 
23Rt39N No_Impacts 3/23/2018 106 121 8.9 7.7 40 303 340 243 
23Rt39N No_Impacts 2/24/2018 119 135 12 6.5 32 338 388 262 
23Rt39N No_Impacts 1/26/2018 79 132 10 5.3 28 329 373 277 
23Rt39N No_Impacts 11/17/2017 51 112 7.8 5.8 23 279 311 256 
23Rt39N No_Impacts 5/19/2017 89 137 9.3 7.8 36 343 382 270 
23Rt39N No_Impacts 3/31/2017 79 128 9 8.1 38 318 355 286 
23Rt39N No_Impacts 3/19/2017 64 116 7.6 6.8 30 290 321 254 
23Rt39N No_Impacts 2/24/2017 63 135 9.1 8.4 40 337 374 286 
23Rt39N No_Impacts 1/21/2017 47 111 7.4 6.6 29 277 307 298 
23Rt39N No_Impacts 8/22/2016 53 121 9.2 4.7 20 303 341 245 
23Rt39N No_Impacts 5/13/2016 76 130 8.9 7.7 34 326 362 293 
23Rt39N No_Impacts 3/19/2016 75 144 11 9.9 46 360 407 285 
23Rt39N No_Impacts 3/19/2016 75 144 11 9.9 46 360 407 285 
23Rt39N No_Impacts 2/13/2016 83 125 8.5 7.6 36 311 346 300 
23Rt39N No_Impacts 1/9/2016 81 115 8 5.9 23 286 319 222 
23Rt39N No_Impacts 11/14/2015 98 130 8.1 6.2 25 323 357 258 
23Rt39N No_Impacts 8/15/2015 111 132 8.9 7.5 35 329 366 270 
23Rt39N No_Impacts 5/16/2015 135 135 9.1 7.5 33 337 374 258 
27Rt37C Schist 2/22/2019 431 149 59 8.9 140 372 617 273 
27Rt37C Schist 1/18/2019 469 165 66 9.2 149 411 683 272 
27Rt37C Schist 8/24/2018 539 171 74 10 159 428 731 255 
27Rt37C Schist 5/11/2018 642 186 73 8.7 158 464 763 259 
27Rt37C Schist 11/17/2017 648 198 80 10 263 494 823 267 
27Rt37C Schist 8/20/2017 585 201 76 10 140 502 814 253 
  
  
6
7
 
27Rt37C Schist 5/19/2017 610 186 82 10 154 464 801 247 
27Rt37C Schist 4/1/2017 690 215 94 11 180 537 924 257 
27Rt37C Schist 2/25/2017 689 252 106 11 194 628 1070 260 
27Rt37C Schist 1/21/2017 697 207 85 9.8 160 516 865 262 
27Rt37C Schist 11/4/2016 681 212 88 10 163 528 890 259 
27Rt37C Schist 8/27/2016 687 213 86 11 149 531 884 258 
27Rt37C Schist 5/13/2016 638 198 83 11 154 495 836 256 
27Rt37C Schist 3/19/2016 682 230 108 13 192 575 1020 254 
27Rt37C Schist 2/13/2016 729 226 91 10 166 563 940 257 
27Rt37C Schist 1/9/2016 780 313 131 11 176 781 1320 248 
27Rt37C Schist 11/14/2015 728 224 95 11 154 559 952 258 
27Rt37C Schist 8/15/2015 591 188 72 10 132 468 766 264 
27Rt37C Schist 5/16/2015 599 222 94 11 128 556 941 266 
29R37C No_Impacts 2/22/2019 15 15 ND ND 34 37 41 64 
29R37C No_Impacts 1/18/2019 15 15 1.1 ND 34 38 42 64 
29R37C No_Impacts 8/24/2018 14 10 2.9 ND 36 25 37 61 
29R37C No_Impacts 5/11/2018 14 14 ND ND 31 35 38 63 
29R37C No_Impacts 3/21/2018 16 14 ND ND 33 35 39 66 
29R37C No_Impacts 2/23/2018 15 14 ND ND 33 36 40 65 
29R37C No_Impacts 1/26/2018 15 13 1.8 1 34 33 40 65 
29R37C No_Impacts 11/17/2017 13 6.6 3.7 ND 33 16 32 60 
29R37C No_Impacts 8/19/2017 14 14 ND ND 34 35 38 64 
29R37C No_Impacts 5/18/2017 15 14 ND ND 36 36 40 65 
29R37C No_Impacts 4/1/2017 14 9.2 2.9 ND 32 23 35 60 
29R37C No_Impacts 2/25/2017 13 14 ND ND 34 36 40 64 
29R37C No_Impacts 1/20/2017 15 15 1.1 ND 33 37 42 64 
29R37C No_Impacts 11/14/2016 13 14 ND ND 34 35 39 65 
29R37C No_Impacts 8/27/2016 13 10 2.3 ND 36 26 35 61 
29R37C No_Impacts 5/13/2016 13 14 ND ND 35 36 39 66 
29R37C No_Impacts 3/19/2016 13 19 1.7 0.6 49 47 54 64 
29R37C No_Impacts 2/13/2016 13 14 ND ND 31 35 38 65 
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29R37C No_Impacts 1/9/2016 13 14 ND ND 33 35 39 61 
29R37C No_Impacts 11/14/2015 13 15 ND ND 31 37 40 67 
29R37C No_Impacts 8/15/2015 14 14 ND ND 31 35 38 66 
29R37C No_Impacts 5/16/2015 12 13 ND ND 33 32 36 65 
2Rt37EA Schist 2/22/2019 140 108 11 4.7 59 269 315 200 
2Rt37EA Schist 1/18/2019 105 103 10 4.3 45 257 300 201 
2Rt37EA Schist 8/24/2018 169 120 12 5.1 63 299 350 192 
2Rt37EA Schist 5/11/2018 245 130 13 5.2 78 324 376 187 
2Rt37EA Schist 3/23/2018 223 130 14 5.4 77 325 381 198 
2Rt37EA Schist 2/24/2018 216 124 12 5.2 68 310 361 200 
2Rt37EA Schist 5/19/2017 264 139 15 6 91 348 408 190 
2Rt37EA Schist 2/24/2017 217 130 14 5.6 74 325 382 187 
2Rt37EA Schist 11/4/2016 396 208 25 6.4 138 519 623 231 
2Rt37EA Schist 8/26/2016 254 151 15 6.2 88 376 438 190 
2Rt37EA Schist 5/13/2016 314 148 16 6.5 100 368 433 197 
2Rt37EA Schist 3/18/2016 306 176 21 8.6 138 440 525 191 
2Rt37EA Schist 2/12/2016 305 142 15 6.2 98 354 416 195 
2Rt37EA Schist 11/13/2015 399 180 19 6.9 112 450 528 200 
2Rt37EA Schist 8/14/2015 8.1 204 20 7.7 130 509 591 194 
2Rt37EA Schist 5/15/2015 548 210 21 8.3 144 523 610 193 
2Rt37EB Schist 2/22/2019 225 137 17 4.3 103 343 411 254 
2Rt37EB Schist 1/18/2019 210 140 17 4.4 106 349 417 290 
2Rt37EB Schist 8/24/2018 420 191 24 6.1 169 476 574 275 
2Rt37EB Schist 5/11/2018 376 177 20 4.7 123 443 523 238 
2Rt37EB Schist 3/23/2018 395 184 22 5 139 460 550 250 
2Rt37EB Schist 2/24/2018 373 179 20 5.2 136 446 528 243 
2Rt37EB Schist 5/19/2017 394 205 24 5.4 134 513 611 237 
2Rt37EB Schist 2/24/2017 519 233 28 6.4 165 582 698 230 
2Rt37EB Schist 11/4/2016 207 130 14 5.6 76 324 382 189 
2Rt37EB Schist 8/26/2016 251 144 14 6.2 89 359 418 190 
2Rt37EB Schist 5/13/2016 290 153 16 6.6 98 382 448 192 
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2Rt37EB Schist 3/18/2016 298 163 19 7.9 127 407 486 191 
2Rt37EB Schist 2/12/2016 308 144 15 6.1 99 359 421 196 
2Rt37EB Schist 11/13/2015 575 196 20 6.9 111 490 571 234 
2Rt37EB Schist 8/14/2015 453 203 20 7.6 130 508 590 193 
2Rt37EB Schist 5/15/2015 578 218 22 8.6 156 543 633 190 
2Rt39N Schist 2/22/2019 604 337 32 10 122 841 974 257 
2Rt39N Schist 1/18/2019 623 336 33 9.9 123 838 976 258 
2Rt39N Schist 8/24/2018 690 364 36 11 127 909 1060 251 
2Rt39N Schist 5/11/2018 744 372 35 9.3 108 930 1070 245 
2Rt39N Schist 3/23/2018 758 390 39 9.8 106 975 1130 250 
2Rt39N Schist 2/23/2018 774 405 41 10 111 1010 1180 252 
2Rt39N Schist 1/26/2018 778 409 40 11 116 1020 1190 255 
2Rt39N Schist 11/17/2017 799 398 39 11 126 993 1150 255 
2Rt39N Schist 8/19/2017 821 484 42 11 112 1210 1380 245 
2Rt39N Schist 5/19/2017 894 467 46 11 118 1170 1350 240 
2Rt39N Schist 3/31/2017 923 499 50 12 131 1240 1450 241 
2Rt39N Schist 2/24/2017 945 530 50 12 131 1320 1530 239 
2Rt39N Schist 1/20/2017 960 596 58 14 151 1490 1730 240 
2Rt39N Schist 11/4/2016 937 452 44 11 115 1130 1310 247 
2Rt39N Schist 8/26/2016 913 517 49 12 126 1290 1490 245 
2Rt39N Schist 5/13/2016 846 455 44 11 105 1140 1320 248 
2Rt39N Schist 3/19/2016 867 463 50 11 108 1160 1360 243 
2Rt39N Schist 2/13/2016 881 452 43 10 103 1130 1310 250 
2Rt39N Schist 1/9/2016 923 475 45 11 100 1190 1370 238 
2Rt39N Schist 11/14/2015 820 442 43 10 94 1100 1280 262 
2Rt39N Schist 8/15/2015 598 353 32 9.3 84 882 1020 268 
2Rt39N Schist 5/16/2015 412 258 25 7.8 63 644 748 273 
3Rt39N No_Impacts 2/22/2019 28 93 4.6 3.2 12 233 252 200 
3Rt39N No_Impacts 1/18/2019 6.7 85 3.7 3.2 7.6 211 226 204 
3Rt39N No_Impacts 8/24/2018 161 144 9.2 5.8 37 361 399 194 
3Rt39N No_Impacts 5/11/2018 16 74 3.3 2.6 7.2 186 199 172 
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3Rt39N No_Impacts 3/23/2018 13 78 3.3 3 6.9 195 209 182 
3Rt39N No_Impacts 2/23/2018 14 93 3.7 3.5 7.2 232 247 212 
3Rt39N No_Impacts 1/26/2018 126 137 7.8 5.3 28 341 373 206 
3Rt39N No_Impacts 11/17/2017 246 180 11 6.9 45 450 496 210 
3Rt39N No_Impacts 8/19/2017 214 173 11 5.9 34 432 475 185 
3Rt39N No_Impacts 5/19/2017 10 78 3.4 3.1 6.4 196 210 180 
3Rt39N No_Impacts 3/21/2017 25 96 4.5 3.3 8.1 240 259 197 
3Rt39N No_Impacts 2/24/2017 69 124 6.1 3.9 13 309 333 205 
3Rt39N No_Impacts 1/20/2017 100 151 8.4 3.2 24 377 412 209 
3Rt39N No_Impacts 11/4/2016 195 158 10 5.6 32 394 436 191 
3Rt39N No_Impacts 8/26/2016 237 191 13 7.4 43 476 530 195 
3Rt39N No_Impacts 5/13/2016 72 117 6.5 3.7 16 292 319 203 
3Rt39N No_Impacts 3/19/2016 37 88 5.1 3.7 11 220 241 187 
3Rt39N No_Impacts 2/13/2016 114 136 7.8 4 17 340 373 215 
3Rt39N No_Impacts 11/14/2015 281 196 14 7.4 40 489 546 200 
3Rt39N No_Impacts 8/15/2015 312 198 15 7 44 493 554 178 
3Rt39N No_Impacts 5/16/2015 52 91 4.8 3.2 10 226 246 190 
4Rt37C Dolomite 2/22/2019 96 88 36 14 80 219 367 345 
4Rt37C Dolomite 8/24/2018 224 120 54 16 102 299 523 366 
4Rt37C Dolomite 5/11/2018 197 110 45 15 92 275 462 328 
4Rt37C Dolomite 3/24/2018 185 120 46 14 80 300 491 349 
4Rt37C Dolomite 2/23/2018 103 99 33 9.8 45 247 383 284 
4Rt37C Dolomite 1/28/2018 175 131 45 13 72 328 512 344 
4Rt37C Dolomite 11/19/2017 261 130 57 17 105 324 560 388 
4Rt37C Dolomite 8/20/2017 215 116 47 15 89 290 484 352 
4Rt37C Dolomite 5/19/2017 218 103 47 13 92 258 451 282 
4Rt37C Dolomite 4/1/2017 107 96 34 9 42 240 381 249 
4Rt37C Dolomite 2/25/2017 243 130 62 18 117 325 582 342 
4Rt37C Dolomite 1/21/2017 283 142 64 17 125 353 617 347 
4Rt37C Dolomite 11/4/2016 231 123 57 16 94 308 542 341 
4Rt37C Dolomite 8/27/2016 297 129 58 17 102 322 559 343 
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4Rt37C Dolomite 5/14/2016 232 119 56 16 94 297 526 350 
4Rt37C Dolomite 1/9/2016 296 136 58 16 98 340 580 324 
4Rt37C Dolomite 11/14/2015 285 142 63 16 86 354 612 380 
4Rt37C Dolomite 8/15/2015 384 150 64 17 113 374 636 358 
4Rt37C Dolomite 5/16/2015 328 156 71.3 16 97 391 684 275 
5Rt37C Dolomite 2/22/2019 248 88 42 9.9 140 219 393 309 
5Rt37C Dolomite 1/18/2019 145 66 31 8.9 128 164 294 336 
5Rt37C Dolomite 8/24/2018 344 93 49 12 197 231 433 367 
5Rt37C Dolomite 5/12/2018 587 139 72 12 215 346 643 278 
5Rt37C Dolomite 3/24/2018 674 160 81 11 213 400 732 255 
5Rt37C Dolomite 2/24/2018 510 135 65 11 174 336 604 286 
5Rt37C Dolomite 1/25/2018 297 105 46 10 137 262 452 319 
5Rt37C Dolomite 11/19/2017 297 86 39 10 153 214 373 335 
5Rt37C Dolomite 8/23/2017 363 121 50 10 141 302 506 301 
5Rt37C Dolomite 5/19/2017 605 147 80 15 203 367 698 275 
5Rt37C Dolomite 4/1/2017 562 157 76 13 188 392 705 262 
5Rt37C Dolomite 1/21/2017 317 105 50 11 140 261 468 283 
5Rt37C Dolomite 11/4/2016 150 73 40 7.4 85 182 348 270 
5Rt37C Dolomite 8/27/2016 243 77 45 12 120 193 378 282 
5Rt37C Dolomite 5/13/2016 342 93 63 14 139 232 494 305 
5Rt37C Dolomite 3/19/2016 229 73 61 19 162 183 434 286 
5Rt37C Dolomite 2/13/2016 266 59 46 23 148 148 338 324 
5Rt37C Dolomite 1/9/2016 292 64 48 29 157 161 360 346 
5Rt37C Dolomite 11/14/2015 338 74 62 31 142 185 442 346 
5Rt37C Dolomite 8/15/2015 363 25 64 70 179 64 326 307 
5Rt37C Dolomite 5/16/2015 828 29 87 310 345 72 432 282 
6Rt37C Dolomite 2/22/2019 95 70 31 13 88 175 302 319 
6Rt37C Dolomite 8/24/2018 397 126 64 15 145 314 575 320 
6Rt37C Dolomite 5/12/2018 275 106 47 14 129 264 457 293 
6Rt37C Dolomite 3/23/2018 286 114 48 14 126 286 485 314 
6Rt37C Dolomite 2/24/2018 244 112 48 15 133 280 476 343 
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6Rt37C Dolomite 1/26/2018 329 146 59 17 137 365 608 380 
6Rt37C Dolomite 11/18/2017 361 142 63 17 144 354 615 392 
6Rt37C Dolomite 8/20/2017 325 137 56 15 121 341 574 342 
6Rt37C Dolomite 5/19/2017 317 111 57 15 136 278 512 297 
6Rt37C Dolomite 4/1/2017 352 123 61 16 161 306 556 310 
6Rt37C Dolomite 2/25/2017 344 115 57 15 157 288 522 311 
6Rt37C Dolomite 8/26/2016 468 176 82 18 153 439 776 345 
6Rt37C Dolomite 3/19/2016 293 156 85 25 213 390 741 320 
6Rt37C Dolomite 1/9/2016 507 163 75 19 170 407 716 324 
6Rt37C Dolomite 11/14/2015 609 205 98 19 161 513 915 382 
6Rt37C Dolomite 8/15/2015 544 177 79 18 152 441 765 351 
6Rt37C Dolomite 5/16/2015 470 175 85 16 127 436 785 310 
7Rt37C No_Impacts 2/24/2019 65 86 19 4.9 17 215 293 212 
7Rt37C No_Impacts 1/18/2019 49 82 17 4.7 16 205 276 198 
7Rt37C No_Impacts 8/24/2018 131 100 32 7.4 39 249 381 231 
7Rt37C No_Impacts 5/12/2018 118 96 27 6.5 33 239 352 218 
7Rt37C No_Impacts 3/24/2018 66 85 19 4.7 17 212 291 210 
7Rt37C No_Impacts 2/24/2018 65 86 19 4.9 17 215 293 212 
7Rt37C No_Impacts 1/26/2018 70 93 20 5 18 232 313 213 
7Rt37C No_Impacts 8/20/2017 82 88 23 5.7 22 220 313 214 
7Rt37C No_Impacts 5/19/2017 115 94 29 6.7 29 236 356 225 
7Rt37C No_Impacts 1/21/2017 71 97 22 5.4 18 242 334 209 
7Rt37C No_Impacts 11/14/2016 49 82 18 4.6 12 205 281 199 
7Rt37C No_Impacts 8/27/2016 60 78 21 5.3 18 196 281 207 
7Rt37C No_Impacts 5/13/2016 78 84 23 6.1 24 209 303 240 
7Rt37C No_Impacts 3/19/2016 42 84 21 5.5 16 210 296 204 
7Rt37C No_Impacts 1/9/2016 66 85 21 5.1 17 213 298 220 
7Rt37C No_Impacts 11/14/2015 64 86 21 5.3 16 214 301 225 
7Rt37C No_Impacts 8/15/2015 92 88 26 6.4 21 221 329 233 
7Rt37C No_Impacts 5/16/2015 60 80 18 4.7 13 199 273 213 
8Rt37C Dolomite 2/22/2019 95 70 31 13 88 258 447 319 
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8Rt37C Dolomite 1/18/2019 87 70 30 12 91 175 298 325 
8Rt37C Dolomite 8/24/2018 450 138 57 17 246 345 581 407 
8Rt37C Dolomite 5/12/2018 279 94 42 12 120 235 410 286 
8Rt37C Dolomite 3/24/2018 290 109 48 13 126 271 468 309 
8Rt37C Dolomite 2/24/2018 353 103 46 15 137 258 447 331 
8Rt37C Dolomite 1/26/2018 342 140 60 17 147 349 594 386 
8Rt37C Dolomite 11/17/2017 373 147 64 17 148 367 632 407 
8Rt37C Dolomite 8/19/2017 315 138 58 16 123 345 585 352 
8Rt37C Dolomite 5/19/2017 331 113 55 15 128 282 508 292 
8Rt37C Dolomite 3/31/2017 385 116 63 16 176 289 549 303 
8Rt37C Dolomite 2/24/2017 347 121 64 17 185 302 567 308 
8Rt37C Dolomite 1/20/2017 384 123 59 16 178 308 553 341 
8Rt37C Dolomite 11/4/2016 556 191 93 20 181 476 858 366 
8Rt37C Dolomite 8/25/2016 546 206 93 21 171 514 896 346 
8Rt37C Dolomite 5/13/2016 357 123 60 16 139 308 555 317 
8Rt37C Dolomite 3/18/2016 293 134 72 21 189 335 631 312 
8Rt37C Dolomite 2/12/2016 324 125 57 16 136 311 544 344 
8Rt37C Dolomite 1/8/2016 536 164 63 20 188 409 750 376 
8Rt37C Dolomite 11/13/2015 729 234 113 22 196 584 1050 404 
8Rt37C Dolomite 8/14/2015 616 198 92 19 159 494 873 357 
8Rt37C Dolomite 5/15/2015 458 140 68 15 130 349 630 309 
9Rt37C No_Impacts 8/25/2018 57 86 21 3.1 13 215 300 220 
9Rt37C No_Impacts 5/12/2018 73 93 21 2.9 11 233 320 216 
9Rt37C No_Impacts 3/24/2018 108 111 24 2.9 10 277 377 232 
9Rt37C No_Impacts 2/24/2018 120 111 24 3.1 9.8 277 375 227 
9Rt37C No_Impacts 1/26/2018 41 79 13 3.3 8.6 198 251 185 
9Rt37C No_Impacts 11/18/2017 38 74 14 3.1 10 185 241 194 
9Rt37C No_Impacts 8/20/2017 40 73 14 3 11 183 240 183 
9Rt37C No_Impacts 5/19/2017 55 85 20 2.9 10 211 295 215 
9Rt37C No_Impacts 4/1/2017 55 83 21 2.7 9.1 207 293 217 
9Rt37C No_Impacts 2/25/2017 53 89 20 3 8.1 222 304 216 
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9Rt37C No_Impacts 1/21/2017 30 71 12 3.2 8.8 177 228 182 
9Rt37C No_Impacts 11/5/2016 29 67 9.3 3.2 8.6 167 206 164 
9Rt37C No_Impacts 8/27/2016 39 65 11 3.3 11 163 209 183 
9Rt37C No_Impacts 5/13/2016 60 84 20 3 12 209 290 222 
9Rt37C No_Impacts 3/19/2016 79 97 23 4.3 12 242 337 227 
9Rt37C No_Impacts 2/13/2016 54 71 13 3 8.6 177 232 204 
9Rt37C No_Impacts 1/9/2016 44 74 14 3.1 9.4 186 242 192 
9Rt37C No_Impacts 11/14/2015 46 74 11 3.3 12 185 231 176 
9Rt37C No_Impacts 8/15/2015 29 68 10 3.3 7.8 169 210 172 
9Rt37C No_Impacts 5/16/2015 48 77 17 2.6 7.5 193 264 220 
9Rt39N Dolomite 2/22/2019 107 111 23 6.6 81 278 373 288 
9Rt39N Dolomite 1/18/2019 98 112 23 6.2 64 279 376 316 
9Rt39N Dolomite 8/24/2018 272 145 30 8.5 118 362 485 298 
9Rt39N Dolomite 5/11/2018 296 140 28 7.7 115 349 465 248 
9Rt39N Dolomite 3/23/2018 323 148 31 8 118 369 495 273 
9Rt39N Dolomite 2/23/2018 249 140 29 7.6 89 351 469 296 
9Rt39N Dolomite 1/26/2018 228 149 30 8.2 84 372 497 313 
9Rt39N Dolomite 11/17/2017 314 167 34 9 105 417 558 317 
9Rt39N Dolomite 8/19/2017 333 174 36 9.5 106 435 582 287 
9Rt39N Dolomite 5/19/2017 277 144 32 7.8 87 359 490 243 
9Rt39N Dolomite 3/31/2017 365 171 40 9.2 109 428 593 243 
9Rt39N Dolomite 2/24/2017 386 220 48 10 110 549 745 249 
9Rt39N Dolomite 1/20/2017 365 198 42 8.6 86 495 666 268 
9Rt39N Dolomite 11/4/2016 426 210 47 9.6 89 524 717 256 
9Rt39N Dolomite 8/26/2016 607 272 40 12 164 680 846 216 
9Rt39N Dolomite 5/13/2016 445 187 39 9.4 122 467 629 228 
9Rt39N Dolomite 3/18/2016 255 169 40 9.5 101 421 584 252 
9Rt39N Dolomite 2/12/2016 305 163 35 7.7 74 407 550 270 
9Rt39N Dolomite 1/8/2016 333 186 39 8.6 85 465 626 288 
9Rt39N Dolomite 11/13/2015 459 238 48 10 104 593 791 261 
9Rt39N Dolomite 8/14/2015 500 223 42 11 106 557 730 240 
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9Rt39N Dolomite 5/15/2015 378 146 30 7.7 97 364 486 223 
JuddPond Surface_Water 2/24/2019 88 54 12 2.1 48 136 185 146 
JuddPond Surface_Water 1/18/2019 67 84 13 2.3 161 161 216 174 
JuddPond Surface_Water 8/25/2018 105 95 19 3.2 55 236 317 279 
JuddPond Surface_Water 5/12/2018 116 80 16 2.8 52 201 265 191 
JuddPond Surface_Water 3/23/2018 115 70 14 2.4 42 175 232 147 
JuddPond Surface_Water 2/24/2018 97 57 11 2.3 38 143 190 130 
JuddPond Surface_Water 11/17/2017 89 65 14 3.2 38 163 221 155 
JuddPond Surface_Water 5/19/2017 96 71 14 2.6 45 178 237 178 
JuddPond Surface_Water 2/24/2017 101 64 11 2 32 159 206 114 
JuddPond Surface_Water 1/20/2017 85 58 12 2.1 34 146 195 100 
JuddPond Surface_Water 5/13/2016 110 78 15 2.5 44 195 257 187 
JuddPond Surface_Water 3/19/2016 109 84 19 3.4 49 211 288 143 
JuddPond Surface_Water 1/9/2016 96 63 13 1.9 35 156 208 108 
JuddPond Surface_Water 11/14/2015 193 128 23 4.2 64 321 415 285 
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Appendix B: Additional Figures from Community Sequence Analysis 
 
 
Rarefaction Curve of bacterial communities found in rarified datasets.  Samples with lower 
community coverage do not plateau, the communities present here all exhibit good coverage. 
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Alpha diversity measures of community sequences do not show major differences between 
wells classified by their geochemical signatures.  Other ways to classify well types including 
each individual geochemical parameter and hydrologically relevant groups such as elevation 
and surficial material thickness were explored as well however no significant difference in alpha 
diversity measures could be identified. 
 
